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Abstract
Currently used prostheses for total joint replacement still have numerous disadvantages:
extreme stiffness or elastic modulus of the bulk metallic material; insufficient integration of the
implant into the host bone; and a high wear and corrosion rate, which causes an accumulation
of mostly metallic or polymeric wear debris. Because of these reasons, many patients
experience increasing local pain, swelling, allergic reactions, and inflammation resulting in
bone loss and the aseptic loosening of the implant leading to the need for painful and expensive
revision surgery.
To address the mechanical issues of commonly used orthopaedic alloys, this thesis presents the
development of the new β-type titanium alloy Ti-35Nb-7Zr-6Ta-2Fe-0.5Si with a relatively low
elastic modulus (up to 85 GPa), increased tensile strength (880 MPa), and enhanced
biocompatibility and osteoconductivity.
Considering the generally low osteoinductivity of metallic implants, various surface
modifications and coatings have been developed to improve the cell-material interaction, e.g.
carbon-based coatings. Among these coatings, C60 fullerene layers have emerged as a great
candidate for coating orthopaedic implants due to their therapeutic potential in arthritis. The
potential cytotoxicity and DNA damage response of fullerenes have been evaluated. Although
the fresh C60 coating has attenuated the adhesion and proliferation of cells, no DNA damage or
signs of cytotoxicity have been found. The biocompatibility of C60 films has improved with the
increasing age of these films or by co-deposition of C60 molecules with Ti atoms, thanks to
changes in their physicochemical properties (such as fragmentation, oxidation, polymerization
and graphitization).
In order to minimize the wear and corrosion of the Co-Cr-Mo alloy, the diamond-like-carbon
(DLC) coating of this alloy with a titanium gradient adhesive interlayer has been used. The
wear analysis has revealed no visible wear or delamination of the DLC coating after 3 million
cycles of increasing loading force of up to 2.5 kN. Moreover, no proof of any cytotoxicity of
the potential wear debris has been found.
In the last project of this thesis, a biocompatible, fully optically transparent diamond-based
planar biosensor for the non-invasive (label-free), real-time monitoring of cell cultivation has
been successfully invented. The main advantage of this sensor is its transparency, which enables
microscopic native cell observation and the wide frequency range of the sensor allowing the
detailed study of different cellular processes.
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53BP1

p53-binding protein

C60

fullerene with 60 carbon atoms

CFRPEEK
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extracellular matrix
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1 Introduction
1.1 Bone tissue engineering
The aging population together with the increasing demand for a longer, more active, and
healthier lifestyle brings new challenges to regenerative medicine. Bone and joint degenerative
or inflammatory problems (such as osteoarthritis, rheumatoid arthritis) affect several hundred
million people worldwide. Furthermore, one in every three women over 50 years of age suffers
a fracture caused by bone loss (osteoporosis). Alarmingly, according to the predictions, there is
going to be a sharp increase due to the predicted doubling in the number of people over age 50
by the year 2020 (web page: bjdonline.org). These large bone defects caused by diseases or
different traumas (like bone fractures, infections, and tumours) often cannot be healed properly
and require a surgical approach, including transplantation or total joint replacement (TJR, also
called arthroplasty).
Traditionally, bone grafts have been used to fill the bone loss. Autologous grafts, the patient’s
own tissues, are preferentially used due to their immunocompatibility, osteoconductivity (i.e.
supporting cell adhesion, proliferation, and extracellular matrix formation), as well as
osteoinductivity (i.e. promoting new bone formation by the recruitment and differentiation of
progenitor cells). Moreover, autografts contain autologous cells that take part in bone
regeneration. Unfortunately, the quality and quantity of bone tissue for harvesting is quite
limited and decreases with the increasing age of the patient. The second option is an allograft
(tissues from another human donor) or a xenograft (tissues from an animal donor). Xenografts
are more available than autografts, and avoid the need for a second surgical intervention.
However, patients must often endure long waits for allograft transplantation, sometimes even
several years. In addition, allografts, like xenografts, pose a risk of disease transmission from
the donor to the patient and may cause an immune response leading to subsequent graft failure
[1].
Consequently, over the past decades, the concept of using artificial materials as bone graft
substitutes for filling large bone defects emerged in the formation of a new field called “bone
tissue engineering”. Tissue engineering has been defined as an interdisciplinary field which
applies the principles and methods of life sciences, materials science, and bioengineering for
the development of biological substitutes that restore, maintain, or improve the biological
function of tissues or whole organs [2].
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1.2 The composition and mechanical properties of bone
The mechanical properties of an ideal orthopaedic implant should match host bone properties;
thus, it is important to understand the basic mechanics of the bone itself. Human bone is a
dynamic heterogeneous highly complex structure composed of different cell types and bone
extracellular matrix (ECM). Osteoblasts are responsible for the synthesis and secretion of the
organic components of ECM (bone formation), whereas osteocytes and osteoclasts are involved
in bone resorption, a process critical for the maintenance, repair, and remodelling of bone tissue
(Fig. 1; [3, 4]).

Fig. 1: A simplified scheme of bone dynamics [4]

Bone matrix is a composite consisting of about 30 % organic materials (proteins synthetized by
cells) and 70 % inorganic mineral phase (salts). The most abundant component of bone ECM
is inorganic hydroxyapatite (HA) occurring in the form of elongated crystals generated by the
interaction of calcium phosphate and calcium hydroxide. Bone also contains smaller amounts
of other minerals such as magnesium, fluoride, and sodium. The inorganic part of the ECM
gives bone its characteristic rigidity and hardness resulting in the ability to resist compression,
described by compressive strength [5].
About 90 % of the organic matrix consists of type I collagen. Collagen I is a fibrous protein
organised into long crosslinked rope-like fibrils which provide the bone’s flexibility and
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enables its resistance to stretching, twisting, or fractures [5]. This elastic deformation of bone
can be described and quantified by its tensile strength, fracture resistance, or elastic modulus.
Thus, organic and inorganic phases together create a composite material with excellent tensile
and compressive strength, which can bend under strain and recover its shape without generating
permanent damage. Forces that exceed the capacity of bone elasticity may cause failure,
typically bone fractures (stress above breaking point). In addition, there are about 300 different
proteins involved in the cell adhesion, signalling, binding, and arranging of the other
macromolecules. These proteins together with collagen I are crucial for proper ECM matrix
organization and subsequent mineralization [6].
Table 1 shows a review of the mechanical properties of bone. The most important parameters
are the compressive strength of the cortical and cancellous bone in the range 100–230 and 2–
12 MPa, and Young’s modulus (also called the elastic modulus) varying between 7–30 and 0.5–
0.05 GPa, respectively [7]. These large variations in mechanical properties make it difficult to
design a universal artificial bone or even a universal orthopaedic prosthesis.

Table 1: The mechanical properties of cortical and cancellous bone [7]
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1.3 Requirements for orthopaedic prostheses
1.3.1

Mechanical properties

Orthopaedic implants are medical devices constructed to support a damaged bone or to replace
a missing joint or bone. Nowadays, various orthopaedic implants are available for the hip, knee,
shoulder, and elbow with different requirements. Orthopaedic implants are required to have
high tensile and compressive strength to prevent prostheses fractures and improve their
functional stability. The response of the material to the repeated cyclic loads or strains is
determined by the fatigue strength of the material, and this property determines the long-term
success of an implant subjected to cyclic loading.
In addition, sufficient elasticity (a low elastic modulus) is also needed to ensure the uniform
distribution of stress on the implant and to minimize the relative movement at the implant-bone
interface. If the elastic modulus of the prosthesis is too high, the load which is normally applied
to the bone is carried by the stiff implant, and the bone tissue atrophies due to lack of mechanic
stimulation (this process is called stress shielding). Consequent osteoporosis results in fractures
of the surrounding bone or loosening of the implant [8]. On the other hand, an excessively low
elastic modulus causes large amounts of shear motion between the implant and the bone,
leading to the formation of fibrous tissue and ultimately implant failure [9]. Thus, a material
with an excellent combination of a high strength and low but sufficient elastic modulus should
be used for implantation to avoid loosening of the implant and the need for a revision surgery.
1.3.2

Non-mechanical properties

1.3.2.1 Corrosion and wear resistance
Since the artificial bone implants are made of different, mostly metallic materials, high
corrosion resistance is also required. Corrosion is the physicochemical interaction between a
metal and its environment causing the release of metallic ions from the metal surface to the
surrounding environment. These material changes result in a roughening of the surface, a
weakening of the restoration and the eventual impairment of the prosthesis function [10].
Similarly, materials for total joint replacement need to also be wear resistant to avoid debris
formation from the friction of contact surfaces. The potential accumulation of metallic ions
from corrosion or wear of the prosthesis causes allergic reactions, inflammation and bone
resorption that may eventually lead to the implant loosening [11]. Unfortunately, it is not only
metallic debris, but also polymeric or ceramic debris which causes adverse biological reactions
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[12]. In order to reduce both the volume of wear and the corrosion of the prostheses, different
approaches for surface modification including various implant coatings have been investigated.
1.3.2.2 Biocompatibility
Apart from the mechanical properties, the main requirement for orthopaedic prostheses is their
biocompatibility. The biocompatibility of the material is described as its ability to support
normal cellular activity without any local and systematic toxic effects to the host tissue [13].
Therefore, biocompatibility depends on both material composition (the potential cytotoxicity
of the metallic, ceramic, or polymeric compounds used), its physicochemical properties (like
stiffness), as well as its surface properties such as surface roughness, charge, wettability,
corrosion, and wear resistance (Table 2).

Table 2: Material properties affecting material biocompatibility [13]

In addition, biomaterials (defined as any matter, surface, or construct that interacts with living
systems) could be either passively tolerated by the host body or they could actively stimulate
specific desired cellular responses. Materials which are able to promote cell behaviour such as
cell adhesion, migration, proliferation, secretion of various molecules, or differentiation into a
specific cell type are called “bioactive”. These bioactive biomaterials should mimic the
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functions of original bone tissue and act as an analog of natural ECM, which should facilitate
implant integration into the surrounding host tissue [14].
1.3.2.3 Osseointegration
The ability of an implant to integrate with the adjacent bone and other tissues is also very
important for the longevity of the prosthesis inside the human body. Osseointegration (i.e. the
process of new bone formation during bone healing) is the clinical goal of implant surgery. A
higher degree of osseointegration improves the mechanical stability of the implant, which
decreases the probability of implant loosening. To achieve this, bone cells’ adhesion,
proliferation, and differentiation leading to ECM formation are needed. When the implant is
not well integrated with the host bone, a fibrous tissue is formed between the bone and the
implant [15]. There are many factors responsible for good osseointegration including implant
composition, surface wettability, and electrostatic charges (surface chemistry), as well as the
surface roughness and topography [16-18].

1.4 Materials of orthopaedic prostheses
The stems of load-bearing orthopaedic implants like total hip replacement are mainly fabricated
from metallic alloys due to their superior mechanical properties (hardness, stiffness, etc.).
However, other materials such as ceramics and polymers can be used for constructing the
articular surfaces of joint prostheses. The artificial bearing surfaces of the prosthesis replace
the natural ball-and-socket structure of the joint and for the hip implant are called femoral head
(ball) and acetabular cup or shell (socket). A common implant composition for total hip and
knee replacement is shown in Fig. 2.
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Fig. 2: Prostheses for total hip (left) and knee (right) replacement [19]

Several categories of TJR prostheses which consider bearing surfaces have been developed.
Aside from the most common metal-on-metal, ceramic-on-ceramic, and metal-on-plastic (Fig.
3) models, other combinations like ceramic-on-plastic are available on the market.

Fig. 3: A schematic composition of the most commonly used hip replacement prostheses
(http://maxcurehospitals.com/nizamabad/hip-replacement-surgery)
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The bearing surfaces of current artificial hip replacements are usually made out of ultra-highmolecular-weight polyethylene (UHMWPE), cobalt-chromium-molybdenum (Co-Cr-Mo)
alloy or ceramics (alumina or zirconia). However, all of these combinations have their
advantages as well as disadvantages; therefore, the choice of a suitable metallic implant depends
on several factors including the patient’s age, sex or individual illness.
1.4.1

Metallic materials

Metals have biomechanical properties which make them suitable for manufacturing TJR
prostheses. Aside from their excellent hardness, they are also easy to process and have a good
finish. Great malleability and ductility (the ability to draw out metal in the shape of wire) allow
the shaping of metal into prostheses as well as intramedullary rods, screws, and long stems. By
combining several metallic elements together, alloys with improved properties beyond those of
a single element are made. Metallic implants can be sterilized by common sterilization
procedures which make them easy to use. Despite a large number of metallic medical devices
in use today, orthopaedic prostheses are manufactured of only a few metals such as 316L
stainless steel, cobalt chromium alloys, and titanium-based alloys. Each of these materials has
its own advantages as well as disadvantages and limitations.
1.4.1.1 Stainless steel (SS)
Stainless steel has the longest history of metallic materials used in orthopaedics dating back to
the 30s [20]. Surgical stainless steel (also known as grade 316 SS) is an iron-based alloy with
varying amounts of nickel, chromium, and molybdenum. These additions make the alloy
stronger and more resistant to corrosion in comparison with common steel. The low carbon
content (less than 0.03%, grade 316L SS) is added into 316 SS to decrease the corrosion rate,
adverse tissue responses, and metal allergies. The main advantages of 316L SS are its great
strength and affordable price. Unfortunately, this alloy has a relatively poor fatigue strength,
low wear resistance, high corrosion rate, and high elastic modulus causing stress shielding
(around 200 GPa). A comparison of the main mechanical properties including the tensile
strength and elastic modulus of different metallic materials for TJR are shown in Table 3.

15

Table 2: The mechanical properties of metallic materials used or investigated for TJR (adapted
from [14, 19, 21 and 22])

However, the major concern in using stainless steel for implants is its high nickel content, which
has been reported as a toxic substance to the human body [23]. Studies have shown that 316L
SS implants often failed because of the implant’s corrosion in bodily fluids leading to the
release of harmful metallic elements like nickel [24, 25]. It is well known that nickel is the most
frequent cause of the metal allergy, causing skin irritation, swelling, and inflammation. Current
knowledge about the molecular mechanism of a nickel-induced allergy is reviewed in [26].
Nickel ions have also been reported to cause DNA damage and apoptosis in human T cells [27,
28]. Studies on rats have demonstrated tumour formation after the injection of nickel
compounds [29, 30]. Similarly, a higher incidence of lung and nasal cancers in nickel refinery
workers has been described, especially after co-exposure with tobacco smoking [31, 32]. In
vitro and in vivo studies have shown that Ni containing nanoparticles are more toxic than
microparticles [33, 34]. Epigenetic mechanisms (including alterations in DNA methylation,
histone modifications such as acetylation, methylation, or ubiquitination, structural chromatin
16

changes, and alteration in transcription factors activity) are now considered to be responsible
for nickel carcinogenicity [35, 36].
Another reason for implant failure could be an infection at the site of the surgery. Iron and
chromium have been reported to have the poorest antimicrobial activity when compared with
other metal-like titanium and cobalt [37]. Altogether, stainless steel implants have exhibited
tendencies to fail after long-term use due to various reasons such as a high elastic modulus
compared with that of bone, low wear and corrosion resistance, and insufficient
biocompatibility, which makes SS an unsuitable material for manufacturing permanent
implants. However, due to its low-cost aspect, 316L SS is still utilized for internal fixation
devices (e.g. wires, pins, screws, plates, and intramedullary nails or rods) that are not meant to
be load bearing for an extended period of time.
1.4.1.2 Cobalt-chromium-based alloys
In the last few decades, cobalt-chromium-based alloys have replaced stainless steel in clinics
for use in TJR. Two main types of Co-Cr-based alloys, varying significantly in composition,
are utilized for surgical implant purposes; nevertheless, the trade designation of “Vitallium” (or
"Stellite" in Britain) is often applied to both types. The wrought alloy type is a cobaltchromium-nickel alloy and has a better ductility and ultimate strength than the cast type
composed of cobalt, chromium, and molybdenum. As in the case of stainless steel, the wrought
alloy has a high nickel content and therefore exhibits lower corrosion resistance and
biocompatibility than the cast cobalt-chromium-molybdenum alloy [38].
Co-Cr-based alloys are superior to stainless steel in fatigue strength as well as wear and
corrosion resistance, and thus the cast Co-Cr-Mo alloy is currently used as the main material
for metal-on-metal total hip and knee arthroplasty. Unfortunately, these alloys also have their
disadvantages including a high elastic modulus (similar to that of stainless steel; Table 3)
causing stress shielding. In addition, they are more difficult to manufacture and hence more
expensive when compared with stainless steel [14].
Despite the generally good wear and corrosion resistance of Co-Cr alloys, ion release and
accumulation is still of some concern in all metallic implants. Although the overall wear is
reduced, significantly elevated metal concentrations in body fluids of patients with Co–Cr alloy
metal-on-metal bearing hip implants have been repeatedly reported [39-41]. Moreover, the
widespread dissemination of metallic debris from Co-Cr prostheses to the lymph nodes, bone
marrow, liver, and spleen, along with the associated necrosis and fibrosis of lymphoid tissue
17

has been observed [42]. Like nickel, in the last few decades, numerous studies have described
the potential allergenicity, cytotoxicity, and carcinogenicity of cobalt and chromium ions. Both
metals have been found to induce a wide range of immunological reactions including irritanttype skin toxicity and contact dermatitis [43]. Cobalt or chromium compounds and cobaltchromium nanoparticles have also been able to cause DNA damage [44-47]. In addition,
chromium salts have been reported to have higher genotoxic effects than nickel salts [48].
The mutagenicity and genotoxicity of cobalt and chromium ions in patients with Co-Cr alloy
implants have also been described [49]. Furthermore, tumorigenicity after Co-Cr alloy
implantation in rats has been demonstrated [50]. Similarly, the production of malignant tumours
in rats after cobalt powder injection occurred [51, 52]. However, other studies have not been
able to confirm the adverse effects of cobalt and chromium compounds or only in much higher
concentrations than those that occurred in patients with Co-Cr implants [53-57]. A recent
review summarizing and interpreting around 80 of these studies has not found clear evidence
that Co-Cr-containing hip implants are associated with an increased risk of systemic cancers
[58].
Whether it is because of the increasing concentration of specific ions or because of any wear
debris accumulation, the fact remains that many patients experience increasing local pain,
swelling, and inflammation causing osteolysis and aseptic loosening of the implant leading to
the need for painful and expensive revision surgery. Therefore, the current research is focused
on the development of new alloys with a lower elastic modulus and better biocompatibility (the
aim of publication I of this thesis, for more information, see chapter 1.4.1.3). Another approach
is to minimalize the wear of currently used prostheses by the employment of biocompatible
coatings with different additional functions (the purpose of the manuscript of this thesis, for
more information, see chapter 1.4.2).
1.4.1.3 Pure titanium and Ti-based alloys
Pure titanium
Except for Co-Cr-based alloys, commercially pure titanium and its alloys are also widely used
in orthopaedics as bone fixation materials, craniofacial or dental implants, as well as TJR
prostheses for hip, knee, shoulder, and other joints. This wide variety of applications can be
attributed to the excellent mechanical properties of titanium including its relatively high
strength and its concurrently low density (high strength per density) and lower elastic modulus
(up to 115 GPa when alloyed) in comparison with stainless steel and Co-Cr alloys (Table 3;
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[14]). Moreover, titanium has superior biocompatibility and corrosion resistance thanks to the
spontaneous formation of an adhesive titanium dioxide layer at its surface [59].
Another advantage of titanium-based biomaterials is their high rate of integrity with the host
bone. This osteoinductive property significantly improves the long-term behaviour of the
prostheses, decreasing the risks of implant loosening and failure. Titanium is one of the few
materials without calcium phosphate that has been reported to calcify when exposed to
simulated body fluid and is therefore expected to undergo a similar calcification in vivo [60].
Indeed, a histological and ultrastructural study on a retrieved forearm bone-anchored titanium
prosthesis and surrounding tissue revealed a high degree of osseointegration, with the mature,
mineralized, and remodelled bone in direct contact with the implant surface after being in use
for more than 11 years [61]. In accordance with these publications, the titanium alloy Ti-6Al4V implanted into the medullary space of the distal femur of rabbits has shown higher
mineralization at the bone–implant interface than Co-Cr alloy [62].
Despite all the favourable properties of titanium, the strength of pure Ti (up to 550 MPa,
depending on grade number 1-4; Table 3) is not sufficient for its use in total joint replacement.
Thus, commercially pure Ti is currently employed only for implants without extensive demands
for strength like small orthopaedic fixation implants and dental implants. For total joint
replacement, titanium in the form of a stronger alloy must be used.
Alpha–beta titanium alloys
Titanium alloys are classified into four types called α, near α, α+β, and β alloys depending on
their chemical composition, the content and nature of alloying elements, and the resulting
microstructure [63]. The most common titanium alloy used in orthopaedics is Ti-6Al-4V with
a biphasic alpha–beta microstructure. Aluminium together with O, N, C and Sn belongs into α–
stabilizers, while V as well as Mo, Nb, Ta, Fe, W, Cr, Si, Ni, Co, Mn and H belongs to βstabilizers. Alpha–beta alloys exhibit higher strength than α and near α alloys (such as
commercially pure grades of titanium; Table 3) due to the presence of both α and β phases.
Thus, aluminium and vanadium alloying elements improve the mechanical properties by
doubling the ultimate strength values in relation to commercially pure Ti, which makes the Ti6Al-4V alloy more suitable for prostheses manufacturing [59, 63].
Unfortunately, the long-term performance of this alloy has raised a concern due to Al and V
release and their potential cytotoxicity. The toxicity and tumorigenicity of vanadium have been
investigated because of the therapeutic potential of vanadium derivatives in diabetes and
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cardiovascular diseases. However, numerous side effects consisting mainly of digestive
problems including loss of appetite, a significant reduction of body weight, weakness, nose
bleeding, vomiting, diarrhoea and dehydration, have been observed in rats or humans.
Furthermore, the inhalation of vanadium compounds has been reported to cause rhinitis,
pharyngitis, chronic productive cough, tracheobronchitis, bronchopneumonia or even the
formation of lung neoplasms in rats [64]. Similar to nickel, vanadium ions have also been
described to cause DNA damage and apoptosis in human T cells [27, 28]. Hence, other alpha–
beta titanium alloys with similar properties to Ti-6Al-4V but without V content, like Ti–6Al–
7Nb and Ti–5Al–2.5Fe alloys, have been developed [65, 66]. These alloys nevertheless, still
contain aluminium. Numerous studies have reported the negative contribution of aluminium to
neurodevelopmental and age-related neurodegenerative diseases such as autism spectrum
disorders in infants, amyotrophic lateral sclerosis, and Alzheimer’s disease in the elderly [67].
Moreover, studies on rats have shown that aluminium can be accumulated in the bone and
causes decreased bone mineralization resulting in bone loss [68]. The mechanical properties of
bone like its elastic modulus and strength have also been found to reduce after Al administration
in rats [69] - an occurrence which should definitely be avoided in patients after prosthesis
implantation.
In vitro studies comparing the wear particles of Ti-6Al-4V, Ti-6Al-6Nb, and pure Ti have
revealed a higher activation of monocytes and phagocytes together with a significantly higher
release of proinflammatory and bone-resorbing agents including interleukin-1, interleukin-6,
tumour necrosis factor, and prostaglandin E2 when cultivated with Ti-6Al-4V particles [70,
71]. Accordingly, human fibroblasts exposed to Ti-6Al-4V wear particles isolated from the
soft-tissue membrane of a failed total hip arthroplasty became activated and released
proinflammatory mediators that influenced bone metabolism [72]. Furthermore, an in vivo
study evaluating the tumorigenicity of Ti-6Al-4V and Co-Cr-Mo alloys on rats has shown a
higher incidence of implant-associated tumours after Ti-6Al-4V implantation [50].
Apart from the potential cytotoxicity of Al and V, another major issue of Ti-6Al-4V alloy is its
high wear rate (higher than that of SS or Co-Cr alloys; [73, 74]) and still too high elastic
modulus (around 115 GPa) that may lead to the prosthesis loosening. In vivo studies have
revealed that the healing and bone formation of rabbit femur have been twofold higher when
an implantation of Ti-Mo alloy with a lower elastic modulus and better biocompatibility was
used instead of Ti-6Al-4V [75]. Similarly, the new bone formation has been found to increase
over time after the implantation of a biocompatible Ti-Zr alloy into the maxilla of miniature
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pigs, while in the case of the Ti-6Al-4V implant, a decrease in the bone formation has been
observed [76]. Aside from the Al and V toxicity and high elastic modulus, another possible
explanation has been suggested: Ti and V ions leaking from the implant inhibit the
hydroxyapatite formation and mineralization of adjacent tissues [77].
Beta titanium alloys
Because of the above-described disadvantages of the currently used Ti-6Al-4V alloy, the
development of a new alloy with better biocompatibility and a lower elastic modulus is
necessary. Of the different types of titanium alloys, β phase titanium alloys tend to satisfy most
of the requirements for an orthopaedic implant application in contrast to the previously
described α-β phase alloy Ti-6Al-4V. In the 60s, β phase nitinol alloys with a very low elastic
modulus appeared [78]. Nitinol alloys are Ni-Ti alloys, which can exhibit an elastic modulus as
low as 20 GPa (very similar to that of cortical bone). Moreover, nitinol alloys belong to the
group of shape-memory alloys, which are able to “remember” and restore their original shapes
in response to changing temperature or loading. Thanks to their super elasticity and the ability
to deliver a uniform compressive stress, their use in load-bearing applications seemed very
promising. However, there is the issue with the high nickel content (above 50 %) described in
chapter 1.4.1.1.
In order to overcome this problem, other β phase Ni-free Ti alloys specifically tailored for
biomedical applications are still under investigation. As already mentioned, the use of harmful
elements including Ni, Co, Cr, V and Al should be avoided in implant development. Other
elements such as Mo, Pd, and Sn have also been reported not to exhibit sufficient
biocompatibility [59]. Based on these considerations, the recently developed biomedical alloys
consist mainly of new beta titanium alloys with non-toxic alloying elements like Nb, Ta, and
Zr [79]. A binary alloy consisting of Ti and 8 at.% Zr is already in clinical use and has shown
good biocompatibility and osseointegration; nevertheless, long-term clinical evaluation is still
lacking [76]. Apart from Ti-based alloys, current research is also focused on Ta, Nb or Zr-based
alloys.
To create a purely biocompatible alloy with a minimal elastic modulus without compromising
strength, numerous alloys with various Ti, Nb, Zr and Ta composition have emerged. These
alloys consist entirely of biocompatible elements and they should prevent bone atrophy while
enhancing the bone remodelling thanks to their relatively low elastic modulus (Table 3). Apart
from lowering the elastic modulus, the presence of Ta and Nb improves the corrosion resistance
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of the alloy. A comparative study on the corrosion behaviour of Ti–Ta and Ti-6Al-4V alloys
has revealed that the addition of Ta remarkably reduces the concentration of metal release [80].
Correspondingly, the corrosion resistance of the Ti-Ta alloy in fluoridated acidified saliva was
better when compared with the Ti-6Al-7Nb alloy [81]. The better corrosion resistance of alloys
with Ta content was attributed to the presence of a more stable Ta2O5 passive film strengthening
the TiO2 passive layer. Similarly, Nb and Zr additions have been reported to increase the wear
resistance of the Ti alloys thanks to the formation of Nb2O5 and ZrO2 passive films, which
possess very good lubricating properties [82, 83]. Indeed, the wear and corrosion rate
comparison of the Ti-6Al-4V, Ti-6Al-7Nb and Ti-13Nb-13Zr alloys have shown the best
behaviour of the Ti-13Nb-13Zr alloy, while the Ti-6Al-4V alloy exhibited the lowest wear and
corrosion resistance [84]. Another study has proven the lowest metal release in vitro from the
Ti-15Zr-4Nb-4Ta alloy when compared with the Ti-6Al-4V and Ti-6Al-7Nb alloys [85].
The effect of low modulus of implants made of Ti–15Zr–4Nb–4Ta and Ti-29Nb-13Ta-4.6Zr
alloys on bone fracture healing, bone atrophy, and bone remodelling has been investigated in
animal models. Intramedullary rods or plates of Ti-29Nb-13Ta-4.6Zr (elastic modulus up to 65
GPa) implanted into fracture models in the tibiae of rabbits were compared with Ti–6Al–4V
and stainless steel implants with a much higher elastic modulus of around 115, and 200 GPa,
respectively. The best bone remodelling with the lowest bone atrophy was observed after Ti29Nb-13Ta-4.6Zr implantation. Moreover, the highest bone absorption occurred in the case of
the intramedullary rod made of stainless steel [86, 87]. Another in vivo study also performed
on rabbits has shown comparable or higher bone mineral density and better new bone formation
around Ti-15Zr-4Nb-4Ta implants in comparison with Ti-6Al-4V implants [88]. Similar results
had previously been observed in rats when the same alloy composition was used. In addition,
the corrosion of the Ti-6Al-4V implant tended to increase with longer implantation times [89].
A recent study has proven comparable osseointegration of the Ti–10.1Ta–1.7Nb–1.6Zr alloy to
commercially pure titanium grade 4, which is still regarded as a state-of-the-art material for
bone anchoring, with an even lower inflammatory response in rats [90].
One of the lowest elastic moduli achieved in β Ti alloys has been found in alloy with the
composition Ti-3Nb-7Zr-5Ta (TNZT). However, a significant disadvantage of this and other
above-described low-rigidity alloys is their relatively low strength (up to 550 MPa for TNZT;
Table 3), which makes them undesirable for use in load-bearing applications such as TJR
prostheses. Therefore, current research is focused on strengthening these alloys without
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significantly increasing the elastic modulus and decreasing the biocompatibility of the resulting
alloy (the aim of publication I of this thesis).
1.4.2

Non-metallic materials

Aseptic loosening as a result of wear debris is considered to be the main cause of long-term
implant failure in orthopaedic surgery. In order to minimalize wear and subsequent loosening
of the prosthesis, non-metallic biomaterials are also used for bearing surfaces manufacturing
(like polyethylene or ceramic liners) or for coating metallic bearing surfaces by wear and
corrosion resistant layers. Specialized bioactive coatings of implanted stems are also used to
improve the bonding of a metallic stem with the host bone.
1.4.2.1 Polymers
Metal-on-metal implants have the longest history dating back to the 30s when stainless steel
was first used [20]. Later, to minimize the wear of the bearing surfaces and the subsequent
accumulation of metallic ions, a tough but elastic ultra-high-molecular-weight polyethylene
(UHMWPE) liner with good wear and corrosion resistance was engaged. However, later studies
revealed the susceptibility of the UHMWPE to wear and abrasion caused by third body
inclusions resulting in surface delamination, scratch marks, pitting, and folding of the retrieved
UHMWPE surface [91, 92]. Furthermore, particles of the UHMWPE have been identified in
tissues surrounding metal-on-PE implants [93-95]. These particles have been shown to induce
a non-specific macrophage-mediated inflammatory reaction, leading to the release of
proinflammatory and bone-resorbing cytokines such as interleukin-1β, interleukin-6, tumour
necrosis factor, and prostaglandin E2 leading to periprosthetic osteolysis [96-100].
Indeed, in vivo mouse experiments have demonstrated osteoclast recruitment and bone
resorption after the administration of UHMWPE particles [101, 102]. Accordingly, in all 160
patients undergoing revision surgery of metal-on-PE prostheses, osteolytic lesions on the
acetabulum and femur along with increased atrophy of the gluteus muscle have been found
[103]. In addition, overheating of the UHMWPE, mainly due to a lack of sufficient lubrication,
has also been reported as a reason for the mechanical failure of metal-on-plastic prostheses
[104].
Moreover, wear simulator studies have revealed that metal-on-PE prostheses have around 100
times higher wear than metal-on-metal implants [105-107]. Although a new approach in the
manufacture of UHMWPE (consisting of gamma irradiation and vitamin E impregnation) has
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decreased the wear of prostheses, a comparison of new highly cross-linked PE with older noncross-linked PE particles has shown an even higher inflammatory effect of innovated highly
cross-linked PE [108].
Recently, another polymer-carbon-fiber-reinforced polyetheretherketone (CFRPEEK) - has
been introduced as a low-wear alternative cup-bearing surface. However, in vivo experiments
have found an increased inflammatory response in a mouse model, comparable with that of
UHMWPE particles [109]. Similarly, clinical studies have also shown the limitations of
CFRPEEK. [110, 111].
Another polymer used in orthopaedic applications is polymethyl methacrylate (PMMA),
commonly referred to as bone cement. Thanks to its low elastic modulus, comparable to that of
bone, it is an ideal material for filling small bone defects or for repairing orthopaedic implants.
However, PMMA is not suitable for manufacturing load-bearing implants due to its hard but
brittle properties and high susceptibility to abrasion and wear caused by third body inclusion
[14, 38].
1.4.2.2 Ceramics
Ceramics, mainly alumina (aluminium oxide, Al2O3) and zirconia (zirconium dioxide, ZrO2),
are well-known due to their high compressive strength, great wettability, and extremely low
wear rate [112, 113]. Although ceramics exhibit great biocompatibility and wear resistance,
they also have a high elastic modulus and low tensile strength, which make them very brittle
with low crack and fracture resistance. Both alumina and zirconia heads have been repeatedly
reported for catastrophic failure and fracture [114-117]. In addition to the high fracture rate of
ceramic prostheses, ceramic-on-ceramic combinations often produce unpleasant squeaking
sounds [117, 118]. When the ceramic head is combined with a polyethylene cup (ceramic-onplastic), squeaking is diminished; nevertheless, the wear rate significantly increases [118-120].
Moreover, a recent study has not revealed any beneficial effect of ceramic-on-PE over metalon-metal prostheses when metal ion levels have been evaluated. Furthermore, a higher
incidence of periprosthetic lesions has been observed in patients with ceramic-on-PE implants
in comparison with metal-on-metal implants [121].
Other ceramics such as various calcium phosphates, mainly hydroxyapatite (HA), have been
widely used as coatings to improve osseointegration due to their favourable osteoconductive
and bioactive properties [122, 123]. However, HA has poor mechanical properties, with a
bending strength of less than 100 MPa, making it unsuitable for load-bearing implants [124,
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125]. Even when used as a coating, mechanical failure and delamination of the HA coating
from the metallic stem may occur, causing osteolysis by stimulating bone loss or by migration
to the joint space producing third-body wear and subsequent implant failure [126, 127].
Therefore, the stability of the HA coating is the most critical factor in ensuring a successful
outcome. Over time, nine common techniques of HA deposition including plasma spray, dip
coating, thermal spray, hot isostatic pressing, pulsed laser deposition, electrophoretic
deposition, sol–gel suspension, ion beam assisted deposition, and sputtering have been
developed [128]. Although numerous studies have reported the beneficial effect of HA-coated
implants on healing and osseointegration, most reviews of clinical results have failed to endorse
these observations [129-134]. In addition, HA-uncoated roughened implants have often shown
better osseointegration than HA-coated implants, suggesting that implant roughness itself has
a higher impact than the chemistry of hydroxyapatite [135, 136]. Similarly, clinical studies have
revealed no advantage of HA-coated stems over those with porous coated stems without HA
[137-142].
1.4.2.3 Carbon-based coatings
Carbon-based materials have recently received great attention due to their unique
physicochemical properties including high chemical inertness, mechanical stability, excellent
electrical conductivity as well as satisfactory biocompatibility (for more information, see our
review about nanocarbon-based materials [143] and our book chapter on fullerenes [144].
One of the materials used for the wear reduction of prosthesis bearing surfaces is diamond-likecarbon (DLC) coating. DLC coating is well known thanks to its unique mechanical properties,
as well as its high level of biocompatibility. This coating exhibits great in vitro and in vivo
biocompatibility and is well tolerated by animals with no evidence of chronic inflammatory
reaction [145-147]. For more information about the biocompatibility of DLC, see the
introduction of the enclosed manuscript in the appendix.
From a mechanical view, DLC coating has been shown to have excellent hardness and to
significantly reduce the wear and metal ion release as well as the corrosion rate of metallic
bearing surfaces [148-151]. Moreover, the wear of the DLC coating is several times lower than
that of ceramic materials, which are substantially better than commonly used PE [152].
Interestingly, DLC-coated implants have been reported to stay undamaged even after
aggressive wear tests employing the third-body bone cement particles [153]. Unfortunately, a
considerable weakness of DLC coating is its potential delamination caused by the insufficient
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adhesion of this layer to a metal substrate [154]. However, engagement of an interlayer could
solve the problem and improve the adhesion of the DLC coating [155, 156].
In general, diamond and diamond-like coatings are used in a wide range of biomedical
applications thanks to their unique combination of great biocompatibility, hardness, wear and
corrosion resistance as well as their favourable electronic, optical, and other mechanochemical
properties. Other potential biomedical applications include manufacturing biosensors [157161]. Nowadays, several impedance biosensors for real-time monitoring of cellular
proliferation are commercially available (e.g. xCELLigence system - Roche, ECIS – Electric
Cell Substrate Impedance Sensing system - Applied BioPhysics, etc) but they have a number
of limitations. The currently available systems are constructed from non-transparent gold
interdigitated electrodes, which limit the direct optical observation of cultivated cells.
Furthermore, the surface wettability as well as biochemistry of golden electrodes has to be
properly controlled and optimized. Therefore, one of the aims of this thesis was to construct a
diamond-based impedance biosensor for real-time monitoring of the cellular proliferation
without the disadvantages of the currently used systems. For more information see publication
IV.
Another carbon-based material with great potential in biomedical applications is fullerene
coating. Fullerenes are carbon allotropes with a spherical structure consisting of carbon atoms
linked via hexagonal and pentagonal rings. Fullerene C60 (also termed Buckminsterfullerene or
buckyball) is a remarkably stable cage-like molecule with the ability to withstand high
temperatures and pressures. However, the most interesting and promising feature of fullerenes
is their strong antioxidant property. An increasing amount of literature is describing the
therapeutic effect of fullerenes on osteoarthritis. It has been reported that water-soluble C60
administration significantly reduced articular cartilage degeneration in an osteoarthritis rabbit
model [162]. Similarly, in arthritis rat models, treatment with water-soluble as well as nonmodified fullerene C60 led to a decreasing number of osteoclasts together with reduced bone
resorption and joint destruction, through the anti-inflammatory and anti-angiogenic effect of
C60 [163-168]. Similar results have been observed for fullerene derivatives [169, 170].
According to these findings, the coating of orthopaedic implants with a bioactive fullerene layer
should also improve the total joint replacement outcome in arthritic patients (amongst others).
However, the reactivity of fullerenes may change in time due to the physicochemical changes
of molecules in an air atmosphere. Thus, the widely discussed issue of potential fullerene
cytotoxicity, resulting from their high reactivity, must be carefully investigated prior to the
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clinical use of fullerenes (the aim of publications II and III of this thesis). For more information
about fullerenes, see the enclosed publications in the appendix.
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2 Objectives of the thesis
The general aim of this thesis was to evaluate the biocompatibility and potential cytotoxicity of
promising materials for the manufacturing or coating of total joint replacement prostheses. The
specific goals were focused on:

1. Developing a biocompatible beta titanium alloy with increased strength without an
excessive increase in the elastic modulus and without a negative effect on the
biocompatibility of this alloy. Verifying the biocompatibility and evaluating the
osteogenic potential of the manufactured alloys with various Fe and Si additions were
also included in our goals.

2. Evaluating the potential cytotoxicity and enhancing the biocompatibility (if needed) of
fullerene layers for future use as a bioactive coating for orthopaedic implants.

3. Observing the wear of the Cr-Co-Mo alloy with a Ti gradient adhesive interlayer coated
by DLC used for total trapeziometacarpal joint arthroplasty. Evaluating the potential
cytotoxicity of wear debris generated by simulated loading was also included in our
aims.

4. Developing a biocompatible, label-free, fully optically transparent diamond-based
planar biosensor for real-time cell monitoring.
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3 Materials and Methods
Author contribution:
All listed methods (chapters 3.2 – 3.8) were performed by the author of this thesis and are
described in detail in each publication.

3.1 Materials
Material manufacturing and characterization of the physicochemical properties were performed
by our collaborating partners:
● Charles University in Prague, Faculty of Mathematics and Physics
(Publication I)
● Institute of Thermomechanics of the Czech Academy of Sciences (Publication I)
● Nuclear Physics Institute of the Czech Academy of Sciences (Publication II and III)
● Institute of Physics of the Czech Academy of Sciences (Publication IV)
● Czech Technical University in Prague, Faculty of Mechanical Engineering (Manuscript)
● Beznoska s.r.o (Manuscript )

3.2 Cells
Various bone cell types were used for different purposes:
Immortalized human osteosarcoma cell lines MG-63 or U-2 OS were utilized for evaluating
cell adhesion, morphology, proliferation, viability, and potential membrane damage.
Investigating the potential DNA damage of cells was performed on a U-2 OS cell line instead
of MG-63, which is p53 deficient. For osteogenic differentiation, human primary osteoblasts
HOB-p were employed.

3.3 Cell culture methods
Cell culture methods including cell freezing and thawing as well as passaging, seeding,
harvesting, and counting of cells were routinely performed. All cell types were cultured under
static or dynamic conditions at 37 °C in a humidified air atmosphere containing 5% of CO2.
Treatment with osteogenic differentiation supplements and a DNA damage inducer was
employed.
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3.4 Evaluation of cell adhesion and proliferation
In order to evaluate initial cell adhesion and cell proliferation, different methods of cell counting
were employed: using a Bürker haemocytometer, Vi-Cell XR analyser, or counting of fixed
cells visualised by Texas Red/Hoechst staining. For indirect assessment of cell proliferation, a
Cell Proliferation Kit II (XTT assay) measuring the mitochondrial enzymes activity was used.
xCELLigence system was utilized for real-time proliferation monitoring by impedance (cell
index) measurement.

3.5 Evaluation of cell morphology
Cell morphology during the experiments was observed natively by using an inverted light
microscope equipped with a digital camera. Cells fixed in specific time intervals were visualised
by Texas Red/Hoechst staining and detected by fluorescence microscopy.

3.6 Evaluation of membrane damage and cell viability
Cell viability and potential membrane damage of the cells were detected by trypan blue staining
performed during cell counting in the Vi-Cell XR analyser or by using a LIVE/DEAD
Viability/Cytotoxicity Kit.

3.7 Evaluation of DNA damage response
Potential DNA damage was assessed by immunofluorescence staining of the DNA damage
response markers, which were analysed by fluorescence microscopy (53BP1) and flow
cytometry (gamma-H2AX).

3.8 Evaluation of material’s surface wettability
The wettability of the material’s surface was estimated from the contact angle measured by a
material-water droplet system using a reflection goniometer.
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4 List of publications
4.1 Publications presented in this thesis
The results presented in this thesis are summarized in four impacted articles and in one already
sent manuscript. Individual publications are enclosed at the end of this thesis.

Publication I
Kopova I., Strasky J., Harcuba P., Landa M., Janecek M., Bacakova L.: Newly developed TiNb-Zr-Ta-Si-Fe biomedical beta titanium alloys with increased strength and enhanced
biocompatibility. Mater Sci Eng C Mater Biol Appl. 2016 Mar 1;60:230-8.
DOI: 10.1016/j.msec.2015.11.043

IF2014/2015 = 3.088
Author contribution:
I designed and performed all biological experiments and analysed the obtained data. I wrote the
biological part of the manuscript and was the corresponding author.

Publication II
Kopova I., Bacakova L., Lavrentiev V., Vacik J.: Growth and potential damage of human bonederived cells on fresh and aged fullerene C60 films. Int J Mol Sci. 2013 Apr 26;14(5):9182-204.
DOI: 10.3390/ijms14059182

IF2014/2015 = 2.862
Author contribution:
I designed and performed all biological experiments as well as surface wettability
measurements, analysed the obtained data, and also contributed to manuscript writing.
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Publication III
Kopova I., Lavrentiev V., Vacik J., Bacakova L.: Growth and potential damage of human bonederived cells cultured on fresh and aged C60/Ti films. PLoS One. 2015 Apr 15;10(4):e0123680.
DOI: 10.1371/journal.pone.0123680

IF2014/2015 = 3.234
Author contribution:
I designed and performed all biological experiments as well as the surface wettability
measurements and analysed the obtained data. I wrote the major part of the manuscript and was
the corresponding author.

Manuscript
Kopova I. *, Kronek J. *, Bacakova L., Fencl J.: The cytotoxicity and wear analysis of a DLCcoated Co-Cr-Mo alloy used for total trapeziometacarpal joint arthroplasty. Manuscript (2016)
* equal contribution
Author contribution:
I designed and performed all biological experiments and analysed the obtained data. I wrote the
biological part of the manuscript and was the corresponding author.

Publication IV
Izak T., Novotna K., Kopova I., Bacakova L., Rezek B., Kromka A.: H-terminated diamond as
optically transparent impedance sensor for real-time monitoring of cell growth. Phys. Status
Solidi B 2013;250(12):2741-2746.
DOI: 10.1002/pssb.201300098

IF2014/2015 = 1.489
Author contribution:
I participated in performing biological experiments, data analysis as well as manuscript writing.
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4.2 Other publications
Review
Bacakova L., Kopova I., Stankova L., Liskova J., Vacik J., Lavrentiev V., Kromka A., Potocky
S., Stranska D.: Bone cells in cultures on nanocarbon-based materials for potential bone tissue
engineering: A review. Phys. Status Solidi A 2014;211(12):2688–2702.
DOI: 10.1002/pssa.201431402

IF2014/2015 = 1.616

Chapters in books
Bacakova L., Kopova I., Vacik J., Lavrentiev V. Interaction of fullerenes and metal-fullerene
composites with cells. In: Fullerenes: Chemistry, Natural Sources and Technological
Applications. Edited by Ellis S.B., Nova Science Publishers, Inc., Hauppauge, New York, USA,
2014, pp 1-33. ISBN 978-1-63321-386-9.

Bacakova L., Filova E., Liskova J., Kopova I., Vandrovcova M., Havlikova J.: Nanostructured
materials as substrates for the adhesion, growth and osteogenic differentiation of bone cells. In:
Nanobiomaterials in hard tissue engineering; Applications of nanobiomaterials, Volume 4.
Edited by Grumezescu A.M., Elsevier Inc., William Andrew Publishing, Oxford, Cambridge,
2016, Chapter 4, pp. 103-153, ISBN 978-0-323-42862-0.
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5 Results
5.1 Objective No. 1 – Biocompatible beta titanium alloy
Publication I: Newly developed Ti-Nb-Zr-Ta-Si-Fe biomedical beta titanium alloys with
increased strength and enhanced biocompatibility
The aim of this study was to develop a new biocompatible Ti-Nb-Zr-Ta alloy of increased
strength without an excessive increase in the elastic modulus and without a negative effect on
the biocompatibility of this alloy. In order to increase the relatively low strength (around 550
MPa) of this alloy, 5 combinations of small Fe and/or Si atoms additions to a benchmark Ti35Nb-7Zr-6Ta alloy were used. This approach should increase the strength of the alloy without
an excessive increase in the elastic modulus and without negatively affecting the
biocompatibility of this alloy. To evaluate the biocompatibility and osteogenic potential of the
Ti-Nb-Zr-Ta alloy with Fe and/or Si additions, adhesion, proliferation (under static as well as
dynamic conditions), and differentiation of cells were performed in this study.
Indeed, the Fe and Si additions caused a significant increase in strength (from 550 MPa to 850
MPa) but also in the elastic modulus of the Ti-35Nb-7Zr-6Ta alloy. However, even the highest
achieved elastic modulus (up to 85 GPa) was still much lower than that of the widely used Ti–
6Al–4V alloy (around 115 GPa). The initial biological experiments showed that human
osteoblast-like U-2 OS cells adhered more strongly on all six manufactured Ti-35Nb-7Zr-6Ta
alloys (especially on TNZT and TNZT with the addition of 1Si, 2Fe or 0.5Si + 1Fe). The
metabolic activity of the U-2 OS cells (proportional to the cell number and proliferation)
cultured on all β Ti alloys under static conditions was higher than the metabolic activity of cells
grown on the reference Ti-6Al-4V alloy. Differentiation experiments revealed significantly
higher population densities and collagen I production of the primary human osteoblast cells
(HOB-p) grown on TNZT alloys with 2 wt. % of Fe and 0.5 wt.% of Si additions in comparison
with the Ti–6Al–4V alloy.
Overall, all manufactured alloys proved to be highly biocompatible. Fe and Si additions
increased not only the strength of the benchmark TNZT alloy, but also promoted the adhesion,
proliferation, and osteogenic differentiation of human cells. Therefore, the alloy with the
composition Ti-35Nb-7Zr-6Ta-2Fe-0.5Si was chosen as a viable candidate for use in loadbearing implants.
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5.2 Objective No. 2 – Biocompatibility of fullerene layers
Publication II: Growth and potential damage of human bone-derived cells on fresh and
aged fullerene C60 films
Publication III: Growth and potential damage of human bone-derived cells cultured on
fresh and aged C60/Ti films
In these two publications, the dependence between the age of the fullerene coating (from one
week to one year) and the initial adhesion, proliferation, viability, and metabolic activity of the
human osteoblast-like cells was evaluated. We also monitored potential membrane and DNA
damage as well as morphological changes of the cells.
Our first study, performed on pure fullerene C60 films, revealed lower initial adhesion, cell
numbers, metabolic activity and viability of MG-63 cells cultured on fresh C60 layers.
Moreover, the cells cultivated on the fresh C60 coating were poorly spread with a rounded
morphology; however, no cytotoxic morphological changes, such as enlarged cells or cytosolic
vacuole formation were observed. All investigated parameters (including cell adhesion, density,
viability, and spreading) markedly improved with the aging of the C60 layers. Although the
fullerene C60 coatings, particularly the fresh ones, attenuated cell growth, experiments
performed on human osteoblast-like U-2 OS cells did not reveal any DNA damage response,
as evaluated by gamma-H2AX (phosphorylated histone H2AX) and 53BP1 (p53-binding
protein). In conclusion, aged C60 films provided a better support for the adhesion and growth
of MG-63 cells than the corresponding fresh layers.
In our second study, fullerene C60 coating was enriched with titanium atoms in order to improve
the mechanochemical stability and biocompatibility of the fullerene layers. The results, indeed,
showed that the presence of Ti atoms led to an improvement in the fullerene coating properties
(particularly the fresh ones), which became more suitable for cell cultivation. No negative
influence of fresh or aged C60/Ti films on cell adhesion, proliferation, viability, morphology, or
metabolic activity was observed. As on pure C60 layers, the cells cultured on both fresh and
aged C60/Ti films showed no markers of a DNA damage response.
In conclusion, co-deposition of the C60 molecules with Ti atoms significantly improved the
performance of the cells cultured on the fresh coating and minimalized the negative effects
observed on pure C60 films.
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5.3 Objective No. 3 – Wear and biocompatibility of DLC-coated
Co-Cr-Mo alloy
Manuscript: The cytotoxicity and wear analysis of a DLC-coated Co-Cr-Mo alloy used for
total trapeziometacarpal joint arthroplasty
The purpose of this study was to observe the wear of a Cr-Co-Mo alloy with a titanium gradient
adhesive interlayer coated by DLC used for total trapeziometacarpal joint arthroplasty and to
analyse the potential cytotoxicity of wear particles generated by simulated loading.
No visible wear or delamination of the DLC coating was observed after 3 million cycles of
increasing loading force of up to 2.5 kN. In order to investigate the potential cytotoxicity of the
wear particles, the real-time monitoring xCELLigence system (measuring electrode impedance,
displayed as cell index) was used to evaluate the proliferation of U-2 OS osteoblast-like cells
cultivated in different wear particles solutions. After a 7 day long cultivation, no significant
differences among the samples (number of loading cycle) were found. Moreover, no correlation
between increasing cycle numbers (with increasing loading force of up to 2.5 kN) and
decreasing proliferation of the osteoblast-like cells incubated in the obtained wear suspensions
was proven. Therefore, we can conclude that during the simulated loading of the DLC-coated
Co-Cr-Mo alloy with the Ti gradient adhesive interlayer, no cytotoxic wear debris was formed.
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5.4 Objective No. 4 – Biocompatible and transparent biosensor
Publication IV: H-terminated diamond as optically transparent impedance sensor for realtime monitoring of cell growth
Impedance sensors have attracted great attention as powerful characterization tools for realtime, non-invasive, label-free cell monitoring. However, current commercially available
systems have several limitations including the restriction of the available area for direct optical
observation of the cultivated cells due to the use of non-transparent gold electrodes.
In this study, we successfully invented a biocompatible, fully optically transparent diamondbased planar biosensor with uniform intrinsic edges-free morphology for non-invasive (labelfree), real-time monitoring of cell cultivation. The real-time proliferation as well as cell
morphology of human osteoblast-like MG-63 cells seeded in various concentrations was
evaluated. The commercially available xCELLigence sensor from Roche was used as a
reference impedance system. Our diamond-based impedance sensor showed that the
morphology and proliferation rate of MG-63 cells was comparable to that of the reference goldbased system. Time-dependent impedance measurements at 1 kHz exhibited similar profiles for
the diamond and reference gold sensors.
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6 Discussion
Currently used prostheses for total joint replacement still have numerous disadvantages
including a too high stiffness or elastic modulus of the metallic bulk material; this causes stress
shielding which can result in bone loss with subsequent host bone fractures and implant
loosening [8]. Over the decades, several β-type titanium alloys with various Ti, Nb, Zr, and Ta
compositions and a low elastic modulus have emerged; nevertheless, the fatigue strength of
these alloys is much lower than that of those currently used in load-bearing applications such
as hip endoprostheses. Therefore, one of the aims of this thesis was to develop a biocompatible
beta titanium alloy with increased strength without an excessive increase in the elastic modulus
and without compromising the biocompatibility of this alloy.
Indeed, the result of the first study of this thesis showed that small additions of iron (Fe) and
silicon (Si) to a benchmark Ti-35Nb-7Zr-6Ta alloy significantly increased the ultimate strength
from 550 MPa to 850MPa. Another study using alloying by combination of Fe and Si additions
also observed an increase in tensile strength; however, this study was not performed on a β Ti
alloy, but only on the α-type [171]. A detailed macrostructure analysis revealed that Si atoms
contributed to alloy hardening via the creation of dispersed precipitates of silicide particles,
which were additionally enriched by zirconium. A similar compound formation has been
previously reported in other zirconium containing titanium alloys [172]. The hardening effect
of iron worked via simple solution strengthening, as iron is considered to be a strong β-stabilizer
[59, 63]. The elastic modulus of the benchmark Ti-35Nb-7Zr-6Ta alloy (up to 65 GPa) was in
accordance with the literature [173]. Although the elastic modulus increased with increasing Fe
and Si content, even the highest achieved elastic modulus (up to 85 GPa) was still significantly
lower than the value of the widely used Ti–6Al–4V alloy (around 115 GPa). In addition, Fe
content also increased the plastic deformation of the resulting alloys.
In vitro biological experiments proved that all TNZT alloys are biocompatible and promote
stronger adhesion as well as a higher proliferation of human osteoblast-like U-2 OS cells
cultured under static conditions than the reference Ti–6Al–4V alloy. Our observations are in
accordance with the literature: When cultured with extracts of similar alloys (Ti–29Nb–13Ta–
4.6Zr, Ti-10Zr-8Nb-2Ta-0.2Pd and Ti-15Zr-4Nb-2Ta-0.2Pd) as opposed to cultivation in the
extract solution of a Ti-6Al-4V alloy, a higher proliferation of L929 and MC3T3-E1 cells was
found [174, 175]. Correspondingly, the proliferation of various cell types was also higher on
the Ti–15Zr–4Nb–4Ta, as well as the Ti-35Nb-2Ta-3Z alloy than on the Ti-6Al-4V alloy [21,
176]. In contrast to another study using small boron addition in a similar Ti–35Nb–5.7Ta–7.2Zr
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alloy which resulted in a decreased attachment of the human osteoblast-like MG-63 cells [177],
our findings revealed that Fe and Si additions even enhanced the already strong adhesion of the
U-2 OS cells on the Ti-35Nb-7Zr-6Ta alloy.
Aside from the stronger attachment of osteoblast-like cells, the Si and Fe additions to our
benchmark TNZT alloy also promoted the proliferation and osteogenic differentiation of the
primary human osteoblast (HOB-p). The beneficial effect of specific iron concentrations on the
proliferation and collagen I synthesis of various cell types was also reported in the literature
[178-181]. Similarly, Si-containing materials were found to promote the proliferation and
osteogenic differentiation of various cell types [182-186].
In our first study, we developed the Ti-35Nb-7Zr-6Ta alloy with Fe and Si additions, which
significantly increases strength as well as overall biocompatibility. Thanks to its lower elastic
modulus and better osteogenic potential, the better integration of the implant into the host bone
should be achieved. This alloy is therefore promising material for the manufacture of total joint
replacement prostheses.
Another strategy to improve the integration of metallic implants, which in general do not exhibit
high osteoinductivity, is the employment of various bioactive coatings. The fullerene layer is a
great candidate for coating orthopaedic implants due to the therapeutic potential of fullerenes
in arthritis prevention and treatment [162-168]. The widely discussed potential cytotoxicity of
fullerenes was investigated in the second study of this thesis. Because of the high reactivity of
the fullerene molecules, the effect of the C60 layers’ age (from one week to one year) on their
biocompatibility was investigated.
Although the fullerene C60 films, particularly the fresh ones, attenuated the adhesion and
proliferation of osteoblast-like cells, no cytotoxic morphological changes (such as enlarged
cells or cytosolic vacuole formation) or DNA damage response were found. In contrast to our
results, numerous studies have described fullerenes and their derivatives as cytotoxic and
genotoxic agents, causing oxidative DNA damage, polyploidy, inflammation, and inhibition of
the detoxificatory and antioxidant enzymes, as well as premature cell senescence and apoptosis
[187-193]. However, recently tetrahydrofuran (THF), which was widely used as a solvent of
fullerenes, was found to be cytotoxic. Thus, the toxic side products (γ-butyrolactone, 2hydroxytetrahydrofuranol and formic acid) created during the preparation of C60 suspension are
probably responsible for the cytotoxicity previously attributed to fullerenes, whereas fullerenes
themselves have no harmful effect [194-196]. Likewise, Kepney has recently written to the

39

editors of Toxicological sciences, questioning the purity of the fullerenes used in the previously
published study which asserted the cytotoxicity of fullerenes [197]. He claims that many studies
are not observing data relevant to C60 exposure, but rather the data from a mixture of
fullerenes plus solvent, which together make completely new molecular entities with different
cytotoxicity. Correspondingly, our unpublished experiments, where MG-63 cells were treated
with C60 suspended in a cell culture medium (concentration ranging from 0.15 μg to 30 μg/mL)
for seven days, showed no reduction in proliferation or cytotoxic morphologic changes. The
fullerene suspension was prepared without using THF. In order to prevent the formation of
aggregates, dimethylsulfoxid and sonification were used instead of THF [198]. An in vivo
toxicity experiment in rodents revealed similar results: Not only did the aqueous C60 suspension
prepared without using any polar organic solvent not cause any toxicity, but this treatment even
had a protective effect on rodents’ livers in a dose-dependent manner [199]. In addition, other
in vivo studies have not observed any skin or eye irritation, allergic reaction, or tumour
formation [200-202]. Furthermore, the beneficial effects of fullerene and their derivatives on
cognitive behaviour and the lifespan of rodents have been reported [203, 204].
Aged C60 layers in our study provided a better support for the adhesion and growth of MG-63
cells, as all investigated parameters (including cell adhesion, density, viability, proliferation
and cell spreading) improved markedly with the aging of C60 layers. The better cell performance
can be attributed to changes in the physicochemical properties of the fullerene films during
aging, such as fragmentation, oxidation, polymerization and graphitization (revealed by Raman
spectroscopy and X-ray Photoelectron Spectroscopy - XPS). These changes probably decreased
fullerene reactivity, modified the chemistry and enhanced the nanoscale roughness of the C60
layers, thus facilitating cell adhesion and proliferation [205, 206].
In order to improve the mechanochemical stability and biocompatibility of the fullerene
coating, co-deposition of C60 with titanium atoms was used in the third study of this thesis. The
introduction of a suitable metallic component was expected to stabilize the fullerene films in
terms of reducing the release of free C60 and their penetration into cells, thus eliminating the
potential negative effects of fullerenes. Titanium was chosen as this metallic component due to
its biocompatibility, which has been proven in numerous long-lasting experimental and clinical
applications. Similar C60-gold nanoparticle films have exhibited good chemical and ultrasonic
stability [207]. The results, indeed, showed that the Ti addition improved the properties of the
fullerene coatings (particularly the fresh ones). No significant differences in cell adhesion,
viability, and growth between the fresh and aged layers were observed. In fact, the behaviour
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of cells cultured on both the fresh and aged coating was comparable to the behaviour of cells
grown on reference glass coverslips and no DNA damage response or cytotoxic cellular
morphology was found. The beneficial effect of the Ti addition on the biocompatibility and
bioactivity of the coating has also been reported for DLC layers [208]. At the same time, the Ti
presence improved the adhesion of the DLC layer to the underlying substrate and decreased the
residual stress as well as the wear rate of the DLC coating [209-211]. Moreover, the excellent
wear resistance of the Ti-doped DLC coating thanks to the graphitization of the DLC surface
was observed [212]. Similarly, the Ti addition to other carbon-related coatings, including
amorphous carbon and the hydrocarbon plasma polymer, also enhanced the adhesion,
spreading, and growth of osteoblast-like MG-63 cells [213, 214].
The difference between the pure C60 coating and Ti-enriched layers can be explained by the fact
that the above-mentioned changes in the fullerene molecules (like fragmentation,
polymerization, and oxidation) occurred not only with the aging of the coatings but even during
C60 and Ti co-deposition by the mutual interaction of these molecules and atoms (confirmed by
Raman spectroscopy and XPS). The Ti-enriched C60 coating can therefore be considered as a
promising material for orthopaedic implant coating with osteoprotective potential [163-168].
Apart from the insufficient mechanical properties and weak integration of total joint
replacement prostheses, the accumulation of metallic ions caused by the wear of bearing
surfaces is the main reason for implant failure [11]. In order to reduce both the wear and the
corrosion of the prostheses, various coatings of bearing surfaces have been investigated. In the
fourth study of this thesis, the wear of the DLC-coated Cr-Co-Mo alloy for total
trapeziometacarpal joint arthroplasty was evaluated. A titanium gradient adhesive interlayer
was employed for enhanced adhesion of the DLC coating on the Cr-Co-Mo substrate [155,
156]. Our results from simulated loading revealed the great wear resistance of the DLC coating
with no visible wear or delamination after 3 million cycles. These findings are in accordance
with other studies, where the DLC coating significantly reduced the wear and enhanced the
scratch resistance of the Cr-Co-Mo alloy [149, 150, 215, 216]. Moreover, the DLC-coated
implant has been reported to stay undamaged even after aggressive wear tests employing thirdbody bone cement particles [153]. Additionally, the results of a simulated body fluid experiment
performed for 2 years have shown a 100,000 times lower corrosion rate of the DLC-coated CrCo-Mo alloy in comparison with the uncoated alloy [151]. Aside from great corrosion
resistance, the DLC coating deposited on the Mg alloy also exhibited excellent blood
compatibility by inhibiting platelet adhesion [217]. The engagement of the Ti gradient
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interlayer showed better adhesion and stability than the nitride interlayer used in other studies
[216, 218].
An evaluation of the potential cytotoxicity of wear debris did not reveal any correlation between
the increasing loading cycles (with increasing loading force of up to 2.5 kN) and decreasing
proliferation of osteoblast-like cells incubated in obtained wear suspensions. Correspondingly,
numerous studies have shown great biocompatibility of the DLC films, supporting the growth
and viability of many cell types without any signs of cytotoxicity [147, 219-221]. Furthermore,
in vivo experiments have proven good acceptance of DLC-coated implants by surrounding
tissues [145, 146]. Our study focused on the simulated loading of a DLC-coated Co-Cr-Mo
alloy with a Ti gradient interlayer (used for total trapeziometacarpal joint arthroplasty) and
proved the great wear resistance of the DLC coating without any cytotoxic debris formation.
In our last project presented in this thesis, we successfully developed a biocompatible, labelfree, fully optically transparent diamond-based impedance biosensor for real-time monitoring
of cellular proliferation. Our sensor showed similar profiles to the commercially available
xCELLigence gold-based sensor. Another significant advantage of our sensor compared with
the commercial alternatives is the wide frequency range of the impedance measurement (from
100 Hz up to 100 kHz) which allows detailed study of different cellular processes. For lowfrequency measurements (<10 kHz), the current flows through gaps between the cells
(paracellular flow), therefore the impedance is sensitive to cell density, growth, and movements.
If the measurement frequency is high enough (>40 kHz), current can flow through the cell
membrane (transcellular flow), which means that the impedance is more sensitive to cell
adhesion and less sensitive to cell population [222]. Moreover, our diamond-based impedance
sensor may also be suitable for in vitro testing of various drugs and cytotoxic agents.
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7 Conclusion
The issue of disadvantages of currently used total joint replacement prostheses were addressed
in this thesis, consisting of four impacted publications and one already sent manuscript:
1. Considering the insufficient mechanical properties of commonly used
orthopaedic alloys, five new low-rigidity Ti-35Nb-7Zr-6Ta alloys, with various Fe and
Si additions which significantly increase the tensile strength and enhance the
biocompatibility and osteoconductivity of the benchmark alloy were developed. The
alloy with a final composition of Ti-35Nb-7Zr-6Ta-2Fe-0.5Si exhibited the best
combination of mechanical and biological properties and was therefore chosen as the
most promising candidate for manufacturing load-bearing implants.

2. In order to improve the integration of the implant into the host bone, a fullerene
coating with osteoprotective potential was investigated. Although no cytotoxicity or
DNA damage was observed in osteoblast-like cells grown on fresh C60 layers, we
improved the biocompatibility of the fresh fullerene coating by co-deposition of C60
molecules with Ti atoms.

3. Another carbon-related coating was used for the reduction of the Co-Cr-Mo wear
rate. A DLC-coated Co-Cr-Mo with a Ti gradient adhesive interlayer exhibited no
visible wear or delamination. Moreover, the safety of the DLC coating was proven by
no observed correlation between the increasing cycles of simulated loading and the
decreasing proliferation of the osteoblast-like cells incubated in the obtained wear
suspensions.

4. Finally, a biocompatible, fully optically transparent diamond-based planar
biosensor with uniform intrinsic edges-free morphology for non-invasive (label-free),
real-time monitoring of cell cultivation with a wide range of applications was
successfully invented.
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a b s t r a c t
Beta titanium alloys are promising materials for load-bearing orthopaedic implants due to their excellent corrosion resistance and biocompatibility, low elastic modulus and moderate strength. Metastable beta-Ti alloys can
be hardened via precipitation of the alpha phase; however, this has an adverse effect on the elastic modulus.
Small amounts of Fe (0–2 wt.%) and Si (0–1 wt.%) were added to Ti–35Nb–7Zr–6Ta (TNZT) biocompatible
alloy to increase its strength in beta solution treated condition. Fe and Si additions were shown to cause a significant increase in tensile strength and also in the elastic modulus (from 65 GPa to 85 GPa). However, the elastic
modulus of TNZT alloy with Fe and Si additions is still much lower than that of widely used Ti–6Al–4V alloy
(115 GPa), and thus closer to that of the bone (10–30 GPa). Si decreases the elongation to failure, whereas Fe increases the uniform elongation thanks to increased work hardening. Primary human osteoblasts cultivated for
21 days on TNZT with 0.5Si + 2Fe (wt.%) reached a signiﬁcantly higher cell population density and signiﬁcantly
higher collagen I production than cells cultured on the standard Ti–6Al–4V alloy. In conclusion, the Ti–35Nb–
7Zr–6Ta–2Fe–0.5Si alloy proves to be the best combination of elastic modulus, strength and also biological properties, which makes it a viable candidate for use in load-bearing implants.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Titanium alloys have been applied extensively in orthopaedics for
several decades due to their superior mechanical properties, excellent
corrosion resistance and favourable biocompatibility [1,2]. Numerous
studies have reviewed the outstanding properties of these materials
for medical use. Excellent biocompatibility of titanium has been proven
by many authors, both in vitro and in vivo [3,4]. Commercially pure titanium is used in some orthopaedic and dental applications. However,
limited strength (up to 500 MPa) disallows its use as a material for orthopaedic endoprostheses, which constitute most of the market for metallic implants [2].
Although Ti–6Al–4V alloy was developed for the aerospace industry,
it is still the workhorse of the orthopaedic implants industry [5]. Despite
the generally good properties of this alloy, there are several limitations.
Special concern relates to the presence of vanadium, because an increasing number of studies have reported a cytotoxic effect of this element [6,
7]. The presence of aluminium has been associated with the induction of
neurotoxicity and neurodegenerative diseases reviewed in [8].

⁎ Corresponding author.
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Moreover, there is a risk of implant-induced oxidative stress and subsequent inﬂammatory activation caused by Ti–6Al–4V [9].
Another principal adverse property is its excessively high elastic
modulus (around 115 GPa for Ti–6Al–4V alloy), which is much higher
than the elastic modulus of cortical bone (10–30 GPa) [10]. The load,
which is normally applied to the bone is carried by the stiff implant,
and the bone tissue atrophies due to lack of functional stimulation. Consequent osteoporosis results in fractures of the surrounding bone or
loosening of the implant. For any of these reasons, the lifetime of an orthopaedic implant made of Ti–6Al–4V alloy is usually limited to 15–
20 years [11,12]. At the same time, the excessively low elastic modulus
causes large amounts of shear motion between the stem and the bone,
leading to the formation of ﬁbrous tissue and to failure [13]. Current interest is therefore focused on metastable β-titanium alloys with increased biocompatibility and a moderate elastic modulus [10].
1.1. Metastable beta-Ti alloys
The ﬁrst metastable β-Ti alloys were developed in the 1960s [14].
The principal advantages of these alloys are their good response to
heat treatment, their enhanced ductility, weldability and high strength
[15]. The dominant area of application has been in the aerospace industry [16]. However, in the last two decades, specialized biocompatible
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alloys have also been developed. The most widely-used alloying elements are vanadium, chromium, iron, molybdenum and niobium. Nb
and Zr are regarded as biocompatible alloying elements, whereas V, Cr
and Co are considered inappropriate due to their potential cytotoxicity
[17].
Metastable beta-Ti alloys after quenching from a temperature above
the beta transus (typically around 600–800 °C) do not contain the alpha
phase. The major hardening mechanism in metastable β-Ti alloys is the
formation of omega and alpha phases by subsequent ageing. Underlying
phase transitions including schematic phase diagrams for metastable
beta-Ti alloys and effects on mechanical properties are overviewed in
[18]. It has been shown experimentally and explained theoretically
that the Young's modulus of β-phase is lower than the Young's modulus
of the alpha phase or the omega phase [19,20]. Ageing treatment therefore increases the elastic modulus of the alloys. Alternative strengthening mechanisms are solid solution strengthening and precipitation
strengthening by small dispersed particles. Both of these mechanisms
are utilized and investigated in the present study.
1.2. TNZT alloy
Ti–Nb–Zr–Ta based alloys are known as highly biocompatible materials with favourable mechanical properties. Various types of Ti–Nb–Zr–
Ta have been developed. The two most widely used and most widely
investigated compositions are Ti–29Nb–13Ta–4.6Zr [12] and Ti–
35.3Nb–7.3Zr–5.7Ta (in the following text abbreviated as TNZT). TNZT
was developed in the 1990s in the USA and was patented in 1999
[21]. This particular composition was used as a benchmark material
for experimental investigations in this study. The TNZT alloy contains
only biocompatible elements [11], and consists of beta phase only
after quenching from temperatures above the beta transus. In this condition, the elastic modulus is as low as 55 GPa. A considerable disadvantage is the relatively low strength of this alloy of around 550 MPa,
depending on oxygen content [22].
The aim of this study is to investigate TNZT alloys as an implant material for hip total endoprostheses, which constitute the majority of
market. The strength of basic TNZT alloy in solution treated condition
does not exceed 500 MPa and as such cannot be used for hip implant.
A relatively low bending strength (e.g. in comparison with Ti–12Cr) of
Ti–29Nb–13Ta–4.6Zr limits its application in spinal ﬁxation [23]. In another TNZT alloy, i.e. Ti–35Nb–5.7Ta–7.2Zr, attempts were made to improve its strength by small boron addition and TiB formation. However,
the presence of boron decreased the attachment of human osteoblastlike MG-63 cells to the material [24] and also deteriorates its wear resistance of the alloy [25].
The strength can be signiﬁcantly improved by ageing involving
alpha precipitation [26]. However, the elastic modulus is increased to
above 100 GPa, which is similar to the modulus of widely-used
alpha + beta alloys. The purpose of our study is to employ small Fe
and Si additions to strengthen TNZT alloy without increasing the elastic
modulus excessively, and to assess the effects of Fe and Si on the biocompatibility of the material.
1.3. Fe and Si additions
The solubility of iron in beta-Ti matrix reaches 22 at.% [27]. Iron acts
as a strong beta stabilizer and causes simple solution strengthening in
beta alloys due to different electron bonding. However, Si has very
low solubility in both the alpha and beta phases and contributes to
hardening via the creation of dispersed precipitates Ti5Si3 [28]. Moreover, the even more stable (Ti,Zr)5Si3 compound is formed in alloys
containing Zr [28]. An Si content of 0.2–0.4 wt.% is often utilized in
high-strength and high-temperature alloys in the aerospace industry
to increase the strength and to suppress excessive creep [15,29]. The
combined effect of Fe and Si was explored by Lee et al. [30] for the
alpha phase only. According to Lee et al., Si increases the strength up
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to 2 wt.% content, and the most pronounced increase is achieved already
for 0.5 wt.% content. On the other hand, Si content in excess of 1 wt.% reduces elongation drastically. Fe additions above 2 wt.% increase the
strength substantially. As a result, combined alloying by Fe and Si
leads to higher strength levels. Kim et al. [31] studied Ti–(18–
28)Nb–(0.5–1.5)Si metastable beta Ti alloys. It is reported that an Si
content up to 1 wt.% decreases the elastic modulus to 48 GPa. However,
this fact is related to the lower concentration of beta stabilizing elements which leads to the lower stability of the beta phase rather than
to an intrinsic effect of Si on the beta phase matrix. To the best of our
knowledge, no other authors have yet considered combined additions
of Fe and Si to a biomedical beta Ti alloy.
Apart from the mechanical properties, the effect of Fe and Si on the
cells and tissues of the living organism must be evaluated. In vivo animal
experiments on pure iron stents showed good biocompatibility, with no
evidence of local or systemic toxicity or of an inﬂammatory reaction [32,
33]. Similarly, porous silicon microparticles studied as a multistage delivery carrier showed biocompatibility with immune cells, endothelial
cells, and erythrocytes [34]. Internalization of these microparticles by
endothelial cells did not affect cellular integrity, proliferation, viability,
mitosis or the release of pro-inﬂammatory cytokines [35]. Moreover,
in vivo studies demonstrated that acute or subchronic intravenous administration of these silicon microparticles produced no obvious changes in blood chemistry, microscopic histology or immunoreactivity in
mice [36,37]. In addition, the combination of Fe and Si in silica–iron
phosphate nanocomposites exhibited good biocompatibility, and there
was no cytotoxicity or reduced viability of the human mesenchymal
stem cells, even if the nanocomposites penetrated the cells [38]. Porous
silicon is already clinically used for drug delivery, and also by pSivida
Corp as a sustained release device for the treatment of chronic eye disease. Moreover, great biocompatibility of different alloys containing Fe
(Fe–Mn, Ti–Zr–Nb–Fe, Ti–Fe–Mo–Mn–Nb–Zr, Au–Fe, Fe–Pd) was reported in numerous studies [39–43]. Alloys with silicon additions (Ti–
Zr–Pd–Si–(Nb) and Mg–Si) or Si-coating also show good cell proliferation, viability and biocompatibility [44–47]. However to verify these
ﬁnding, adhesion, proliferation and potential cytotoxicity as well as differentiation of the cells cultivated on all manufactured TNZT–Si–Fe alloys was performed in this study.
2. Material and experimental procedure
2.1. Manufacturing TNZT alloys
Six different alloys were designed and manufactured. A TNZT alloy
with chemical composition 51.7Ti–35.3Nb–7.3Zr–5.7Ta (wt.%) or
68.7Ti–24.2Nb–5.1Zr–2.0Ta (at.%) was used as a benchmark. Six tailored alloys with 0–2 wt.% Fe and 0–1 wt.% Si additions are listed in
Table 1.
All alloys were prepared by arc melting of pure elements under low
pressure of a clean He atmosphere (350 mbar). Each part of the sample
was remelted at least six times by the electric arc to ensure homogeneity. Samples approximately 200 g in weight were homogenized at 1400
°C for two hours and were furnace cooled. Before forging into the shape
of rods, the material was heated to approximately 1100 °C; however,
the forging temperature was not precisely controlled. This is referred
to as the as-forged condition. Some samples were sealed into a quartz
tube and a beta solution treated at 1000 °C/2 h, followed by water
quenching. This is referred to as the solution treated (ST) condition.
The ﬁnal samples (ﬂat rounded discs, 11 mm in diameter) were

Table 1
Manufactured alloys with different amounts of Fe and Si (wt.%).
Ti–35N–7Zr–5Ta
Ti–35N–7Zr–5Ta–1Si
Ti–35N–7Zr–5Ta–2Fe

Ti–35N–7Zr–5Ta–0.5Si–1Fe
Ti–35N–7Zr–5Ta–0.5Si–2Fe
Ti–35N–7Zr–5Ta–1Si–1Fe
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polished by common grinding and polishing techniques using grinding
papers and alumina.

Sigma) for 5 min at room temperature (RT). The stained cells were
photographed using an Olympus IX-71 epiﬂuorescence microscope
equipped with a DP-71 digital camera.

2.2. Mechanical and microstructural characterization
Samples for observations by scanning electron microscopy were
carefully polished using SiC abrasive papers. Subsequently, a threestep procedure using alumina (0.3 μm and 0.05 μm) and colloidal silica
on a vibratory polisher (Buehler–Vibromet) was employed to obtain an
optimally clean and ﬂat sample surface.
Extensive SEM observations were performed using the FEI Quanta
200F scanning electron microscope with the FEG cathode at an accelerating voltage of 20 kV, and the EDX analyser. The elastic modulus was
measured on samples 3 mm in thickness, using a resonant ultrasound
spectroscopic pulse-echo method [48]. For the tensile tests, we
employed a computer controlled Instron 5882 machine and a strain
rate of 10−4 s−1.
2.3. Simulated body ﬂuid (SBF)
To evaluate mineralization of TNZT samples, simulated body ﬂuid
experiment following Kokubo's protocol was performed [49]. Samples
were incubated for 14 days in Hank's Balanced Salt Solution (Life technologies, Cat. No. 14,025,092) at 37 °C in a humidiﬁed air atmosphere
containing 5% of CO2. The samples were subsequently analysed by
SEM and TF-XRD.
2.4. Cells and culture conditions
TNZT alloys with various Fe and Si additions, and also the benchmark
Ti–6Al–4V alloy, were sterilized by autoclaving and were inserted into
polystyrene 24-well tissue culture plates (TPP, well diameter
15.4 mm). For the initial experiments (to evaluate cell adhesion and
proliferation), sterile samples were seeded with human osteoblast-like
U-2 OS cells (ATCC-LGC, Cat. No HTB-96) with an initial density of
about 6000 cells/cm2 and were cultured for 7 days in 1 mL of Dulbecco's
Modiﬁed Eagle's Medium (D-MEM; Sigma, Cat. No D5648) supplemented with 10% fetal bovine serum (Sebak GmbH,) and gentamicin
(40 μg/mL; LEK,). For differentiation experiments, human primary osteoblasts (HOB-p; PromoCell, Cat. No C12760) in an initial density of
about 9000 cells/cm2 were seeded on samples and were grown in the
osteoblast growth medium (PromoCell, Cat. No C 27001) to cell conﬂuence. After conﬂuence was reached, the cells were differentiated for
14 days in the osteoblast growth medium with additives promoting
osteogenic differentiation: 10 mM β-glycerolphosphate, 2 mM Lglutamin, 1 μM 1,α25dihydroxyvitamin D3, 100 nM dexamethasone,
280 μM L-ascorbic acid (all purchased from Sigma). Both cell types
were cultivated at 37 °C in a humidiﬁed air atmosphere containing 5%
of CO2. The SSM1 Mini Orbital Shaker (circular motion with an orbit of
16 mm; Stuart) was used for cultivation under dynamic conditions.
The seeding speed was set to 40 rpm for the ﬁrst 24 h, followed by
90 rpm for the rest of the cultivation. A polystyrene culture dish and
Ti–6Al–4V alloy were used as reference materials. Three samples were
analysed for each experimental group and time interval.
2.5. Cell adhesion
After 3 and 7 days of cultivation, all samples seeded with U-2 OS cells
were vigorously shaken in 0.5 mL of a four times more concentrated
trypsin-EDTA solution (2 g porcine trypsin and 0.8 g EDTA per litter of
saline; Sigma) for 15 min at 37 °C on the SSM1 Mini Orbital Shaker.
The detached cells were washed away with phosphate-buffered saline
(PBS; Sigma). The samples with cells, which remained attached to the
samples, were ﬁxed with 4% paraformaldehyde (PFA; Sigma) for
20 min, followed by permeabilization with 0.1% Triton X-100 in PBS
(Sigma) for 20 min and incubation in propidium iodide (5 μg/mL;

2.6. Evaluation of proliferation and potential cytotoxicity (XTT assay)
The commercial II XTT Cell Proliferation Kit (Roche, Cat. No 11 465
015 001) was used to investigate the proliferation of human
osteoblast-like U-2 OS cells. After 3 and 7 days of cultivation, a 1 mL solution of XTT and D-MEM without phenol red (Gibco, Cat. No 11053028) supplemented with 10% fetal bovine serum (Sebak GmbH) and
gentamicin (40 μg/mL; LEK) in the ratio of 1 portion of XTT to 2 portions
of D-MEM (according the manufacturer's protocol) were added to each
sample. After 4–6 h of incubation at 37 °C, the absorbance of the
resulting solution was measured at a wavelength of 470 nm. Solutions
from alloys or a polystyrene culture dish without seeded cells were
used as the blank samples. Three parallel samples were used for each
experimental group and time interval.
2.7. Differentiation study: evaluation of cell number and collagen I staining
After 14 days of differentiation (induced after reaching the conﬂuence of human primary osteoblasts HOB-p), all samples were ﬁxed in
4% PFA (Sigma) for 20 min at RT. Subsequently, the cells were permeabilized with 0.1% Triton X-100 in PBS (Sigma) for 20 min at RT. Primary
antibody anti-collagen type I (2.5 μg/mL; Sigma), followed by secondary
antibody coupled to Alexa Fluor 488 (4 μg/mL; Invitrogen) for 1 h at RT
were used. The nuclei were visualized by DAPI (1 μg/mL; Sigma). To determine the cell numbers, the cell nuclei were counted on the microphotographs that were obtained. For each experimental group, three
samples were used, and from each sample, 10 randomly taken microphotographs (homogeneously distributed on the surface of the sample)
were evaluated.
2.8. Statistical analysis
The quantitative data were presented as the mean ± S.E.M. (Standard Error of the Mean). Three samples for each experimental group
and time interval were evaluated. A comparison between the groups
was analysed with the ANOVA, Student–Newman–Keuls method. pValues equal to or less than 0.05 were considered statistically
signiﬁcant.
3. Results
3.1. SEM observations
Fig. 1a–f shows SEM micrographs of the microstructure of all prepared alloys in as-forged condition. The channelling contrast makes it
possible to distinguish between individual grains, thanks to their different crystallographic orientation. The microstructure of the alloys without an Si content (Fig. 1a and c) is very coarse, with grain sizes
N100 μm. The iron content has no observable effect on the grain size.
However, Si serves as a grain growth inhibitor. The grain size decreases
with increasing Si content (compare Fig. 1d and e with Fig. 1b and f).
Small black dots in Fig. 1b, d, e and f are silicide intermetallic precipitates
and are depicted in greater detail in Fig. 2. Energy dispersive X-ray spectroscopy (EDS) measurements summarized in Table 2 proved that
particles observed in Fig. 2 are indeed silicide particles, which are additionally enriched by zirconium. Note that EDS results should be taken
only qualitatively. Two types of silicide particles are present in the
material. Bigger particles (2–3 μm) are usually formed along grain
boundaries that serve as preferential nucleation sites, whereas smaller
particles (~1 μm) are distributed more homogeneously.
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Fig. 1. SEM micrographs of TNZT alloys in as-forged condition (channelling contrast).

3.2. Mechanical properties
The elastic modulus of all alloys was measured by a pulse-echo
method for both as-forged and solution treated (ST) conditions. The results of the measurements are summarized in Fig. 3. The elastic modulus
of the benchmark TNZT alloy is around 65 GPa, which is in accordance
with the literature [21]. The elastic modulus increases with increasing

Fe and Si content. The highest elastic modulus is observed for
TNZT + 0.5Si + 2Fe alloy. However, the value of 85 GPa is still signiﬁcantly lower than the value for the widely-used Ti–6Al–4V alloy. Fig. 4
shows the yield stress and the ultimate tensile strength (UTS) of the
studied alloys (as-forged condition) determined from the ﬂow curves.
The values presented here are the averages from three samples, and
the standard deviation is shown by the error bar. The yield stress of
the benchmark TNZT alloy is below 500 MPa. Both Fe and Si increase
the yield stress and UTS and, moreover, the combined effect of Fe and
Si leads to an even higher strength level. TNZT + 0.5Si + 2Fe alloy yields
above 700 MPa, and its ultimate strength is higher than 800 MPa. These
are relatively high values, considering that the alloy is not hardened by
ageing treatment.
Fig. 5a summarizes the total plastic elongation measured after fracture (as-forged condition). All the alloys are ductile at room temperature, but Si signiﬁcantly reduces the total elongation. Fe content
Table 2
Chemical composition of TNZT + 1Si alloy and composition of silicide particles determined by EDS (qualitative results).

Fig. 2. SEM image of silicides of the TNZT + 1Si alloy.

wt.%

Matrix

Particle #1

Particle #2

Ti
Nb
Zr
Ta
Si

46.4
40
7.1
5.5
1.0

24.8
11.8
45.7
1.8
15.9

33.5
16.7
34.8
3.0
12.0
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Fig. 3. Elastic modulus measurements of TNZT alloys (solution treated and as-forged condition).

surprisingly increased the total elongation when compared to the
benchmark alloy. Flow curves in Fig. 5b show that Fe contrary to Si is responsible for work hardening, which avoids premature necking and
therefore increases the overall ductility.

of cells cultured on the reference Ti–6Al–4V alloy (Fig. 7 a). These
signiﬁcant differences were not observed on cells cultivated under
dynamic conditions, where the metabolic activity of cells cultured
on all tested samples was similar (Fig. 7b).

3.3. Cell adhesion

3.5. Cell differentiation study: cell number and collagen I production

The initial biological experiments showed that human U-2 OS
osteoblast-like cells adhered well on all evaluated alloys. Interestingly,
stronger adhesion and higher resistance of cells to the detachment by
a trypsin-EDTA solution was observed on TNZT alloys (especially on
the benchmark TNZT and on TNZT with the addition of 1Si, 2Fe or
0.5Si + 1Fe) than on reference materials, such as Ti–6Al–4V alloy and
a polystyrene culture dish (Fig. 6).

The counting of primary human osteoblast HOB-p cells on day 21
after seeding within the cell differentiation study showed signiﬁcantly
higher population densities of HOB-p grown on TNZT with the addition
of 2Fe and 0.5Si + 2Fe (wt.%) than on the standard Ti–6Al–4V alloy
(Fig. 8). Production of collagen I was used as a marker of the osteogenic
differentiation of the cells. Higher collagen I production was observed in
cells cultured on TNZT with the addition of 2Fe, 0.5Si + 1Fe and
0.5Si + 2Fe (wt.%) than on the reference polystyrene culture dish.
Moreover, TNZT with 0.5Si + 2Fe additions promoted better differentiation of HOB-p cells (evaluated by collagen I production) than the
standard Ti–6Al–4V alloy (Fig. 9).

3.4. Cell proliferation
In order to investigate the proliferation of human osteoblast-like
cells on different alloys, the XXT assay was used to measure the
activity of mitochondrial enzymes. This activity is considered to be
proportional to the cell number; the XXT assay is therefore often
used for evaluating cell proliferation. U-2 OS cells were cultivated
for seven days under static or dynamic conditions. The metabolic activity of the cells grown on all tested TNZT alloys under static conditions was comparable to the activity on the reference polystyrene
culture dish, and was signiﬁcantly higher than the metabolic activity

4. Discussion
It follows from the SEM results (Figs. 1 and 2) that Si serves as a grain
growth inhibitor. Grain growth suppression during annealing is caused
by underpinning the grain boundaries by silicide intermetallic particles.
It is known that the composition of intermetallic silicides in zirconiumcontaining Ti alloys is (Ti,Zr)5Si3 [28]. EDS analysis summarized in

Fig. 4. Yield stress and ultimate tensile strength (UTS) of TNZT alloys (as-forged condition).
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Fig. 5. Total elongation (A5 elongation) (a) and true strain curves (b) of TNZT alloys (as-forged condition).

Table 2 proved that these precipitates are obviously Si enriched and also
strongly Zr enriched, which conﬁrms that Zr is preferred for the formation of silicide particles. However, it is impossible to determine the exact
chemical composition of these tiny particles by EDS. It has been argued
that these particles are also responsible for the increased elastic modulus of Si containing alloys. In addition, these incoherent homogeneously
distributed ﬁne particles cause signiﬁcant precipitation strengthening,
as described by the Orowan mechanism [50].
An Fe content of 2 wt.% signiﬁcantly increased both the elastic modulus and the ultimate strength of the material. The effect on the elastic
modulus is related to the strong beta stabilization effect of iron. Two
recent approaches relate the e/a ratio and the position in the so-called
Bo-Md diagram to the elastic modulus of metastable beta Ti alloys in
as-quenched condition [51,52]. The electron per atom ratio, the
bonding-order (Bo) and the metal d-orbital energy (Md) values can
be calculated simply, and are shown in Table 3 for the benchmark
TNZT alloy and TNZT + 2Fe alloy (the effect of the Si additions on the
e/a, Bo and Md values is negligible). Fe increases the average electron
per atom ratio (e/a ratio) in the alloy, which is associated with an increased elastic modulus [53,54]. Similarly, the beta stabilization effect
of Fe decreases the Md value and increases the elastic modulus. This is
in excellent agreement with a study by Laheurte et al. [55].
Fe addition also increased the plastic elongation of the material at
room temperature, as shown in Fig. 5a. This surprising effect is

associated with work-hardening occurring during the tensile test,
which is apparent from the ﬂow curves (Fig. 5 b) and also from the
difference between the yield stress and the UTS for the TNZT + 2Fe
alloy (Fig. 4). More pronounced work-hardening avoids premature
necking and increases the uniform elongation. It is argued that Fe
atoms (or their clusters) cause dislocation pinning and consequent
dislocation multiplication during straining resulting in work hardening. This also explains the sharp yield point observed for alloys containing 2 wt.% of Fe. The dislocation created during hot-working
might be pinned in the atmosphere (clusters) of Fe atoms and the
macroscopic stress decreases once dislocations are released from Fe
atmosphere during yielding.
The biological experiments proved that all TNZT alloys are biocompatible and promote stronger adhesion as well as higher proliferation
of U-2 OS cells cultured under static conditions than the standard Ti–
6Al–4V alloy. These observations are in accordance with another study
comparing a similar TNZT alloy with Ti–6Al–4V alloy, where a higher
proliferation of MG-63 cells cultured on Ti–35Nb–3Zr–2Ta was observed [56]. Similarly, higher viability of L-929 cells (proven by MTT
assay) when incubated in a solution extracted from Ti–29Nb–13Ta–
4.6Zr rather than in a Ti–6Al–4V extract has been reported [57]. The
lack of differences in proliferation under dynamic conditions could be
explained by the mechanical forces on the cells, and also by better diffusion of oxygen and nutrients associated with circulation of the culture
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Fig. 6. Adhesion and higher resistance of human U-2 OS osteoblast-like cells to detachment by a four times more concentrated trypsin-EDTA solution from the evaluated materials. Attached cells visualized by propidium iodide. PS — polystyrene culture dish, reference material.

medium, which are known to enhance cell proliferation [58]. Dynamic
cultivation is an approach that better mimics the in vivo environment
and therefore promotes the formation of extracellular matrix. This facilitates cell adhesion in the ﬁrst week of dynamic cultivation [59]. This facilitation may have diminished the effect of the materials on the cells,
and may have led to better proliferation of cells cultured on the Ti–
6Al–4V alloy.
Our experiments performed on primary human osteoblast (HOB-p)
revealed a beneﬁcial effect of Si and Fe additions (especially
0.5Si + 2Fe) to the TNZT alloy on the proliferation and differentiation
of these cells. Similarly, in human hFOB1.19 osteoblasts, moderate concentrations of iron in the cell culture media (adjusted with 5 μmol/L of
deferoxamine) promoted the proliferation and osteogenic differentiation, manifested by the activity of alkaline phosphatase, expression of
collagen I and osteocalcin as well as matrix mineralization. However,

Fig. 7. Metabolic activity measured per culture of human osteoblast-like U-2 OS cells on
day seven after seeding cultivated under static (a) and dynamic (b) conditions. PS — polystyrene culture dish, reference material. ***Signiﬁcant difference from all samples, p ≤
0.001.

Fig. 8. The number of primary human osteoblast cells (HOB-p) on day 21 after seeding
(14 days of differentiation) obtained by counting the cell nuclei. PS — polystyrene culture
dish, reference material. ***Signiﬁcant difference from all samples, p ≤ 0.001. *Signiﬁcant
difference from Ti–6Al–4V, p ≤ 0.05.
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5. Conclusion
The effect of Fe and Si on the mechanical properties and the biocompatibility of Ti–35Nb–7Zr–6Ta alloy has been evaluated and discussed.
All alloys that were developed showed an elastic modulus lower than
that of the widely-used Ti–6Al–4V alloy, and a positive effect of Fe and
Si on the strength of the alloys was demonstrated.
The newly-developed alloys also displayed superior biocompatibility to that of the widely-used Ti–6Al–4V alloy. The alloy with composition Ti–35Nb–7Zr–6Ta–2Fe–0.5Si provided the best combination of
mechanical and biological properties, which makes it a viable candidate
for biomedical use in load-bearing bone implants.
Acknowledgements
Fig. 9. The amount of collagen I produced by primary human osteoblast cells (HOB-p) after
21 days of cultivation (14 days of differentiation). PS — polystyrene culture dish, reference
material. **Signiﬁcant difference from PS, p ≤ 0.01. *Signiﬁcant difference to PS, p ≤ 0.05.
#
Signiﬁcant difference from Ti–6Al–4 V, p ≤ 0.05.

very low concentrations (at 10–20 μmol/L deferoxamine) or high concentrations of iron (adjusted by 50–200 μmol/L of ferric ammonium citrate) inhibited the growth and differentiation of osteoblasts [60]. Iron
also stimulated proliferation and collagen synthesis in other cell types,
namely rat lung ﬁbroblasts [61], tracheal cells [62] and rat hepatic stellate cells [63]. As in the case of silicon, Si-containing calcium phosphate
[64,65] and silicatein/biosilica substrates [66,67] increased the proliferation of human osteoblast-like MG-63 and Saos-2 cells and rat bone
marrow stromal cells, which can be explained e.g. by the increased expression of transforming growth factor beta 1 (TGF-β1), a potent mitogen for osteoblasts [68]. At the same time, Si-containing materials,
such as calcium phosphates, zeolite A, silk–silica composites or
silicatein/biosilica matrix, stimulated the expression and synthesis of
collagen [66,69] and other markers of osteogenic cell differentiation,
such as alkaline phosphatase [65,68], Runx-2, osteopontin, bone
sialoprotein, osteocalcin [64,66] and bone morphogenetic protein 2
(BMP-2), an inducer of bone formation [67].
To evaluate potential mineralization of TNZT alloys, in-vitro bioactivity study in simulated body ﬂuid was performed (results not
shown). The samples after 14 days of immersion in Hank's Balanced
Salt Solution were analysed by scanning electron microscopy (SEM)
and Thin Film X-ray diffraction (TF-XRD). All investigated titanium
(TNZT) alloys behaved as biologically inert material and no remnants
from immersion in SFB were observed.
Unlike the hydroxyapatite scaffolds (intended for degradable implants, which are supposed to be replaced by formation of new bone),
where the bioactivity and mineralization is necessary requirement,
our TNZT alloys were designed for long-term implantation. In these
biostable implants, no extensive mineralization in order to replace the
degraded materials is needed. In long-term implantation the great biocompatibility and support of the alloy for cell adhesion and differentiation is more important. It is well known (and our differentiation study
also conﬁrmed), that differentiated cells are capable of producing and
releasing extracellular matrix components. As mentioned above, the osteoblasts growing on TNZT alloys doped with Si and/or Fe produced
more collagen I, which contains binding sites for calcium and phosphate
ions, i.e. carboxyl, hydroxyl and amine functional groups. These groups
then serve as nucleation sites for formation of hydroxyapatite, and thus
for the bone matrix mineralization [70,71].
Table 3
e/a, Bo and Md values computed for benchmark TNZT alloy and TNZT + 2Fe alloy.
Alloy

e/a

Bo

Md

TNZT
TNZT + 2Fe

4.26
4.36

2.887
2.884

2.468
2.434
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Abstract: Fullerenes are nanoparticles composed of carbon atoms arranged in a spherical
hollow cage-like structure. Numerous studies have evaluated the therapeutic potential of
fullerene derivates against oxidative stress-associated conditions, including the prevention
or treatment of arthritis. On the other hand, fullerenes are not only able to quench, but also
to generate harmful reactive oxygen species. The reactivity of fullerenes may change in
time due to the oxidation and polymerization of fullerenes in an air atmosphere. In this
study, we therefore tested the dependence between the age of fullerene films (from one
week to one year) and the proliferation, viability and metabolic activity of human
osteosarcoma cells (lines MG-63 and U-2 OS). We also monitored potential membrane and
DNA damage and morphological changes of the cells. After seven days of cultivation, we
did not observe any cytotoxic morphological changes, such as enlarged cells or cytosolic
vacuole formation. Furthermore, there was no increased level of DNA damage. The
increasing age of the fullerene films did not cause enhancement of cytotoxicity. On the
contrary, it resulted in an improvement in the properties of these materials, which are more
suitable for cell cultivation. Therefore, fullerene films could be considered as a promising
material with potential use as a bioactive coating of cell carriers for bone tissue engineering.
Keywords: carbon nanoparticles; hydrophobicity; osteoblasts; adhesion; morphology;
proliferation; cytotoxicity; gamma-H2AX; 53BP1
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1. Introduction
Fullerenes, first discovered by Kroto et al. in 1985 [1], are carbon allotropes with a spherical
structure consisting of more than sixty carbon atoms linked via hexagonal and pentagonal rings.
Fullerene C60 (also termed Buckminsterfullerene or buckyball) is a remarkably stable cage-like
molecule with a diameter of approximately 0.7 nm and, thus, can be defined as a nanomaterial. Thanks
to their unique physicochemical properties, such as the ability to withstand high temperatures and
pressures, as well as the high reactivity of these nanoparticles, fullerenes are expected to have great
potential in industry as catalysts for chemical reactions, electronic equipment, additives in lubricants
and fuel [2]. Due to their thirty carbon double bonds, to which free radicals can be easily added,
fullerenes are considered to be radical scavengers with antioxidant properties. Therefore, they have
already been utilized in cosmetics, such as facial creams and sunscreen protection products [3,4].
The structural analogy to clathrin-coated vesicles, together with the antioxidant properties of
fullerenes, makes these nanoparticles highly attractive for nanomedicine, for use as drug and gene
delivery agents [5–7], as well as for the prevention and treatment of specific neurodegenerative
disorders caused by a hyper-production of reactive oxygen species (ROS), in such diseases as
Alzheimer’s and Parkinson’s [8,9]. Furthermore, fullerenes are able to inhibit the release of allergic
mediators in human mast cells and peripheral blood basophils in vitro, which suggests that fullerenes
could control mast cell-dependent diseases, including asthma, inflammatory arthritis, heart disease and
multiple sclerosis [10]. On the other hand, C60 is not only able to quench, but also to generate ROS
after irradiation with ultraviolet or visible light. Overproduction of ROS is known to cause cell
damage, such as the disintegration of plasma membrane and cleavage of DNA, which finally leads to
cell death. This harmful effect of fullerenes makes them suitable for photodynamic therapies against
tumors, viruses and bacteria that are resistant to multiple drugs [11–13].
Despite the promising potential of fullerenes in medicine, numerous studies have reported a toxic
effect of these nanoparticles on various animals, organs, cells and microorganisms (for a review,
see [14]). However, recently, it has been found that tetrahydrofuran (THF), which was widely used as
a solvent of water insoluble fullerene C60, generates cellular toxicity. Thus, the toxic side products,
such as γ-butyrolactone, 2-hydroxytetrahydrofuranol and formic acid (created during the preparation of
C60 suspension), are probably responsible for the cytotoxicity previously attributed to fullerenes,
whereas fullerenes themselves have no negative effect [15–17]. In accordance with this finding, an
in vivo toxicity study has revealed that aqueous C60 suspensions prepared without using any polar
organic solvent not only cause no acute or subacute toxicity in rodents, but also have a protective
effect on their livers in a dose-dependent manner [18]. In addition, no irritation of skin (human
volunteers) or eyes (rabbit) nor allergic risks were observed after administration of the fullerene water
suspension [19]. Repeated doses of fullerenes in benzene for up to 24 weeks post-initiation also did not
cause acute toxic effects, and no benign or malignant skin tumor formation was observed in mice [20].
Furthermore, inhalation experiments in rats demonstrated lower cytotoxic and proinflammatory effects
of C60 nanoparticles in comparison with quartz particles [21] and relatively low and similar toxicity of
C60 in both nanoparticle and microparticle forms [22].
Another promising utilization of fullerenes is the prevention and treatment of arthritis. It has been
reported that in an osteoarthritis rabbit model (produced by resection of both the medial meniscus and
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medial collateral ligament), water soluble fullerene (purchased from Vitamin C60) significantly reduced
articular cartilage degeneration [23]. Moreover, in adjuvant-induced arthritic rats, intra-articular
treatment led to a decreasing number of osteoclasts together with reduced synovitis and alleviated bone
resorption and destruction of the joints, due to the suppressive effect of C60 on proinflammatory
cytokine production in the synovial inflammation-related cells [24,25]. Recently it has been reported
that carbon nanohorns (CNH; another carbon allotrope closely related to the fullerenes), fixated on a
porous polytetrafluoroethylene membrane, were used for covering the calvarial bone defect in rats. The
results showed the attachment of macrophages to CNHs and acceleration of newly formed bone
regeneration in the presence of these nanoparticles [26].
According to these findings mentioned in the preceding paragraph, fullerene materials appear very
promising in bone tissue engineering, e.g., for surface treatment of bone implants. This idea is further
supported by our earlier studies performed on fullerenes C60 and binary C60/Ti composites deposited
on carbon-based or glass substrates in the form of continuous and micropatterned films [27–31]. These
films provided a good support for the adhesion, growth and phenotypic maturation of human
osteoblast-like MG-63 cells. The growth dynamics of these cells cultured on continuous films were
similar to the dynamics on standard cell culture polystyrene dishes [29]. However, potential adverse
effects of the fullerene films on cells have not been investigated in these studies. These effects could
result from possible changes of physicochemical properties of the fullerene films in time, due to the
oxidation and polymerization of C60 molecules in an air atmosphere. This could lead to changes in the
reactivity of these molecules, which could influence the cytotoxicity of fullerenes. Therefore, we have
decided to study the dependence between the age of C60 layers (from one week to one year), deposited
on glass coverslips, and the adhesion, proliferation, viability and metabolic activity of human
osteosarcoma cells, in order to develop a potential bioactive coating of bone implants and cell carriers
applicable in bone tissue engineering. We have concentrated not only on the positive effects, but also
on potential membrane and DNA damage, as well as morphological changes of cells cultivated on
fullerene films.
2. Results and Discussion
2.1. Atomic Force Microscopy (AFM)
The surface morphology and thickness of the fresh and aged C60 films were analyzed by Atomic
Force Microscopy (AFM) (Figure 1). The AFM micrographs exhibit granular nanostructures (formed
by C60 clusters) with a typical granule size of approximately 50 nm in the fresh films. The analysis
revealed that 1 μm area roughness on the prominences, in both cases (3.40 nm on fresh and 4.86 nm on
aged layers) is much smaller than the roughness on the grooves (5.93 nm on fresh and 7.12 nm on aged
films). The roughness on the prominences, as well as on the grooves, is higher on the aged C60 layers,
which could be explained by the fullerene polymerization and other changes of the C60 films during the
aging period, leading to an increased size of the granular nanostructures (Figure 1).
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Figure 1. Surface morphology on the prominences (or on the continuous film; A,B) and on
the grooves (C,D) of fresh (A,C) and aged (B,D) C60 films, evaluated by Atomic Force
Microscopy (AFM).

Figure 2. Height of the prominences and the grooves of the micropatterned fresh (A) and
aged (B) C60 films.
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It is also possible to use AFM to scan and analyze the heights of the prominences and grooves. The
measurements revealed, in the case of the fresh C60 films, that the prominences are about twice as high
as the grooves (prominences = 53 nm, grooves = 25 nm), though in the case of the aged layers, the
height of the C60 prominences are similar to the height of the grooves (prominences = 27 nm,
grooves = 29 nm; Figure 2). This decrease in height of the prominences on aged C60 films can be
explained by post-deposition surface diffusion of the fullerene molecules in time, i.e., during the aging
period of fullerene films.
2.2. Raman Spectroscopy
The chemical composition and bonding of the fresh (i.e., one week old) and aged (i.e., one year old)
fullerene films were characterized by several techniques, including Raman spectroscopy.
In Figure 3, typical micro-Raman spectra measured on both types of C60 films, one-year old and
freshly synthesized, are depicted. In both cases, the spectra were measured on the top of the C60 bulges.
Using the multi-peak Gaussian analysis of the Hg(7), Ag(2) and Hg(8) vibration peaks, area peak ratios
Ag(2)/Hg(7) and Ag(2)/Hg(8) for both films were evaluated with the following results:
Fresh C60 film: Ag(2)/Hg(7) = 5.554, Ag(2)/Hg(8) = 7.025
One-year old C60 film: Ag(2)/Hg(7) = 1.675, Ag(2)/Hg(8) = 1.613.
The Raman analysis showed:
(a) Both films (aged and fresh) exhibit typical features of the fullerene films with dominant Hg(7),
Ag(2) and Hg(8) peaks.
(b) In the aged samples, however, a main Ag(2) peak (pentagonal pinch mode) dropped down
dramatically (see the area peak ratios above) and showed a slight red-shift asymmetry (seen in the
detailed examination of the spectrum).
(c) Interestingly, there is also a clear difference in the symmetric (Ag) and asymmetric (Hg) mode
changes of the aged sample (in comparison with the fresh one); all symmetric mode peaks
decreased in intensity, though the asymmetric modes increased.
Figure 3. Raman spectra of the fresh and aged C60 films.
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All of these features point to the structural and bonding alterations that have developed in the aged
C60 film—mainly due to the polymerization and partial oxidation of the fullerene molecules. The aged
sample Raman spectrum also showed graphitization of the film, but this effect is rather small.
2.3. X-ray Photoelectron Spectroscopy (XPS)
XPS revealed the presence of C, O, Si and Na in all tested samples (Figure 4). Similarly as Raman
spectroscopy, XPS also showed more pronounced changes in the aged fullerene films in comparison to
the fresh ones, which is indicated by a missing structure of the bands typical for fullerenes (Figure 5).
This can be explained by a degradation of the fullerene molecules and/or spontaneous deposition
of carbon compounds, present in the air, on the aged films. Similar carbonaceous contamination has
been observed on the surface of Ti and TiNb materials developed for the construction of bone
implants [27–32].
Figure 4. Survey XPS spectra of samples under analysis. C 1s, O 1s Si 2s, Si 2p and Na 1s
are core-level photoelectron spectra from carbon, oxygen, silicon and sodium atoms.
C KLL, O KLL and Na KLL are Auger transitions from carbon, oxygen and sodium atoms.
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The concentration of oxygen, measured by XPS, was higher in fresh than in aged fullerene films
(Tables 1 and 2). This finding might be inconsistent with the results of Raman spectroscopy, which
showed that the alterations of fullerene films, such as polymerization, graphitization and partial
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oxidation of the fullerene molecules, were more pronounced in the aged films. However, it should be
taken into account that the Raman spectroscopy measures the changes throughout the whole thickness
of the films, while XPS only measures changes on the very thin surface of these films. The mean value
of the inelastic mean free path of electrons is ~2–3 nm for fullerenes C60 and C 1s electrons of the
energy of ~1000 eV). The informational depth of the method is about three times higher, i.e., 6 to
9 nm. As shown by AFM, the fullerene films are much thicker, i.e., from 25 to 50 nm. In addition, the
presence of oxygen on the surface of the aged films could be masked by the carbonaceous
contamination mentioned above.
Figure 5. Photoemission from occupied valence bands induced by Mg Kα radiation
(1253.6 eV). The spectra of fresh prepared samples show oscillations typical for fullerenes.
For aged samples, the spectral features are more complex, indicating strong degradation of
the fullerene molecular structure or a surface contamination by a carbon-containing species
from air.
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Interestingly, the concentration of oxygen measured by XPS was higher in fresh micropatterned
films than in fresh continuous films (Figure 6, Tables 1 and 2). This can be explained by the fact that
the materials with prominences and grooves have a larger surface than the flat continuous films and,
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thus, these surfaces can accommodate a larger number of oxygen-containing structures. As shown by
AFM, on the aged materials, the height of the prominences was lower; thus, the surface of these
materials became smaller and the oxygen content of both continuous and micropatterned aged
surfaces equilibrated.
Figure 6. High-resolution C 1s lines recorded from fresh deposited samples. Both spectra
were corrected for surface charging with respect to the Si 2p line at 103.0 eV. The shape of
the bottom spectrum is similar to that of fullerene while the top spectrum is highly
asymmetric due to C-O bonding states.
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Table 1. Quantitative analysis of the surface of the tested samples.
Sample
Fresh, continuous
Fresh, micropatterned
Aged, continuous
Aged, micropatterned
Glass substrate

C
(at.%)
57.2
43.8
72.2
73.7
21.9

O
(at.%)
29.3
36.1
16.4
15.6
49.4

Si
(at.%)
11.3
16.4
3.8
4.9
22.4

Na
(at.%)
2.3
3.6
7.6
5.8
4.1

F
(at.%)
2.3
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Table 2. Correction of the data from Table 1 performed on an assumption that Si and Na
originate from the glass substrate and are in the oxide state (i.e., SiO2, Na2O).
Sample
Fresh, continuous
Fresh, micropatterned
Aged, continuous
Aged, micropatterned
Fullerene powder

C (at.%)
91
80.0
93.5
96.2
95.2

O (at.%)
9.0
20.0
6.5
3.8
4.8

One should take into account also the fact that there exists competition between oxidation
(fast process) and polymerization (lengthy process) and that in time, polymerization as a chemically
alteration process will prevail. This may partially explain the situation why the amount of oxide is at
aged samples smaller than at fresh ones.
As for the presence of Si and Na in the tested samples, angular measurements of photoemission (not
shown) indicated that Si and Na are localized below the fullerene layers, i.e., in the underlying glass
coverslips. As the spectra were recorded from a relatively large area (specifically 1 cm2), these results
suggest non-homogeneous coating of the glass substrates with fullerenes, i.e., the absence of these
films on some places or the presence of regions covered with a very thin fullerene film (~4 to 5 nm).
Figure 7. Hydrophobicity of micropatterned (A) or continuous (B) fresh and aged
fullerene films.
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2.4. Hydrophobicity of Fullerene C60 Layers
The continuous and micropatterned layers were at a relatively high hydrophobic level. The water
drop contact angles of fresh materials were 95.3° on micropatterned films and 99.3° on continuous
films. Similar results were obtained in our earlier studies performed on continuous and micropatterned
C60 films of various thicknesses [28,29]. A slight decrease of the water contact angle was observed in
the aged fullerene films (92.7° on micropatterned and 97.2° on continuous films); however, this
reduction was not proven to be statistically significant (Figure 7). This tendency to increase in surface
wettability could be due to the changes of the fullerene films during aging, such as their
polymerization, oxidation, graphitization and degradation, as revealed by the Raman spectroscopy and
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XPS (Figures 3 and 5). In our earlier studies, similar changes were observed on fullerene films
exposed to 70% ethanol used for material sterilization ([28]; for a review, see [14]).
2.5. Initial Adhesion, Proliferation and Morphology of Cells on Fullerene C60 Layers
2.5.1. Comparison of Cell Behavior on Fresh and Aged Fullerene Films
The initial adhesion of human osteoblast-like MG-63 cells seeded on fresh (i.e., one week old)
micropatterned and continuous fullerene films was significantly lower in comparison with the aged
(i.e., one year old) C60 layers, as well as with the reference microscopic glass coverslips (Figure 8).
After three and seven days of cultivation, cells growing on both types of fresh fullerene films reached
significantly lower population densities than those on the aged layers and control glass coverslips. In
addition, the cells cultivated on the fresh C60 films were poorly spread with a rounded morphology
(Figure 9).
Figure 8. Growth curves of human osteoblast-like MG-63 cells on micropatterned (A) or
continuous (B) fresh and aged fullerene films. GS, microscopic glass coverslips, reference
material; * significant difference to GS; + significant difference to C60 aged. p ≤ 0.001
(***/+++); p ≤ 0.01 (**/++); p ≤ 0.05 (*/+).
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From day one to three after seeding, the cells on fresh fullerene films proliferated more slowly than
on control glass coverslips. The cell population doubling times on fresh micropatterned and continuous
C60 films were 27.9 and 28.0 h, respectively, while on control glass coverslips, it was only 20.9 and
19.4 h. As a result of the reduced initial adhesion and growth dynamics, the cells cultured on fresh
fullerene films reached significantly lower population densities on day three after seeding (Figure 8).
However, after three days of cultivation, the cells on fresh fullerene films proliferated with similar
growth dynamics compared to the cells on the reference material. The doubling times were 22.6 h on
fresh micropatterned films, 19.5 h on fresh continuous films and 22.4 and 22.3 h on reference glass
coverslips. Although the differences in growth dynamics disappeared between days three and seven,
the cell population densities reached on day seven still remained significantly lower on fresh fullerene
films than on glass coverslips (Figure 8). Therefore, the lower population densities on day seven can
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be explained by combination of a lower number of initially attached cells and reduced growth
dynamics during first three days of cultivation.
Figure 9. The morphology and preferential growth of human osteoblast-like MG-63 cells
on micropatterned or continuous fresh and aged fullerene films on day 3 after seeding. GS,
microscopic glass coverslips, reference material.

Aged (i.e., one year old) fullerene films provided a better support for the adhesion and growth of
MG-63 cells than the fresh films. On both aged micropatterned and continuous C60 layers, the number
of initially adhered cells was higher than on the corresponding fresh films and similar to the values
found on control glass coverslips (Figure 8). Cells on both aged films were well spread, i.e., of
polygonal or spindle-like morphology (Figure 9).
The subsequent growth dynamics of cells cultured on aged C60 films were closer to those found on
the control glass coverslips than in the case of fresh films. From day one to three after seeding, the
doubling times on aged micropatterned and continuous C60 films were 24.2 and 20.6 h, respectively,
and on the control glass coverslips, the values were 20.9 and 19.4 h. Between days three and seven, the
doubling times on aged fullerene films (23.3 h on micropatterned and 21.9 h on continuous films)
became fully comparable with the values on glass coverslips (22.4 and 22.3 h). Nevertheless, the cell
population densities on days three and seven after seeding on aged fullerene films remained still lower
than on the reference glass coverslips, although they were significantly higher than on fresh fullerene
films (Figure 8). This can be due to the fact that even after aging, the surface hydrophobicity of C60
films still remained relatively high (Figure 7) when compared to the microscopic glass coverslips
(Menzel Glaser, Germany) used in this study. The water drop contact angle on these coverslips cleaned
with ethanol and deionized water was about 60° (data not shown here). Thus, the glass surface was
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moderately hydrophilic, which is considered as optimal for the cell adhesion. Similarly as
nanostructured surfaces, also the moderately hydrophilic surfaces adsorb the cell adhesion-mediating
molecules in an active geometrical conformation, well recognized by the cell adhesion receptors.
On the contrary, on hydrophobic materials (i.e., with contact angle more than 90°, which is the case of
all fullerene films investigated in this study), the cell adhesion-mediating molecules are adsorbed in a
rigid and denatured form, which reduces their accessibility for the cell adhesion receptors. In addition,
hydrophobic surfaces preferentially adsorb albumin, which is non-adhesive for cells (for a review,
see [33,34]).
The improved adhesion, morphology and proliferation of MG-63 cultured on aged C60 films are
likely due to the changes in the fullerene films during aging, such as fragmentation, oxidation,
polymerization and graphitization of fullerenes in an air atmosphere (Figures 3 and 5). These changes
could lead not only to the modification of the chemical properties and the polarity of the material
surface, but also to its enhanced nanoscale roughness. These factors together could result in the
facilitation and enhancement of cell adhesion (for a review, see [14,33–35]). For example, substrates
with nanoscale irregularities promote the adsorption of cell adhesion-mediating extracellular matrix
molecules (e.g., fibronectin, vitronectin) present in the serum supplement of the culture media, in an
appropriate geometrical conformation, which enables good accessibility of specific sites in these
molecules (i.e., RGD-containing oligopeptides) for cell adhesion receptors. In addition, these surfaces
adsorb preferentially vitronectin, which is recognized mainly by osteoblasts compared to other cell
types [36].
The oxygen present in the fullerene films can also play an important role in cell adhesion and
growth. It has been repeatedly shown that the formation of oxygen-containing chemical functional
groups on the material surface supports the cell adhesion (for a review, see [32–35]). However, on the
fresh fullerene films, which contained more oxygen on their surface, the initial cell adhesion was
poorer than on the aged film with a lower surface oxygen concentration. It can be supposed that on
freshly deposited films, the oxygen structures (as well as the fullerenes themselves) could be present in
more reactive forms harmful for cells. In accordance with this, the cell viability, measured by a
trypan-blue exclusion test, was reduced on fresh fullerene films compared to the aged films and
uncoated glass coverslips (see below, section 2.6). On the other hand, no DNA damage response was
found in cells grown on both fresh and aged fullerene films (section 2.7).
The fresh fullerene films might be also more prone to the release of fullerene micro- and
nano-particles, which can enter and damage the cells. However, in our earlier unpublished
experiments, MG-63 cells were treated with fullerenes C60 suspended in the cell culture medium
(concentration range from 0.15 μg to 30 μg/mL) for seven days. The fullerene suspensions were
prepared by dissolving C60 in DMSO and by sonicating the suspensions for 3 h in order to prevent the
formation of aggregates [37]. The results showed no reduction in proliferation after seven days long
treatment with dispersed fullerenes C60. In addition, we did not observe any cytotoxic morphological
changes, such as enlarged cells or cytosolic vacuole formation. Thus, even if the fullerenes were
released from the films, most likely this release was not the main reason for the lower cell colonization
of these films in comparison with control glass coverslips.
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2.5.2. Comparison of Cell Behavior on Micropatterned and Continuous Fullerene Films
Cells cultivated on fresh micropatterned films adhered and preferentially grew in grooves among
the prominences of C60 (Figure 9). Similar cell behavior was also observed in our earlier studies
performed on micropatterned C60 and hybrid C60/Ti films [28–31]. This has been explained by a
synergistic action of certain physical and chemical properties of the fullerene bulges less appropriate
for cell adhesion, such as their hydrophobicity, a relatively steep rise, as well as the tendency of
spherical ball-like fullerene C60 molecules to diffuse out of the prominences [28]. However, on aged
micropatterned C60 films, the preferential adhesion and growth of cells in grooves among the
prominences almost disappeared (Figure 9). This could be mainly due to a decrease in the height of the
prominences after diffusion of the fullerenes (Figure 2) and also due to the other changes of the
fullerenes during aging, mentioned above.
Interestingly, the cell morphology and spreading was poorer on fresh continuous than on fresh
micropatterned films (Figure 9). However, cytotoxic morphological changes, such as enlarged cells or
cytosolic vacuole formation, were not observed on both forms of fresh C60 films. Thus, these
differences could be explained by a different morphology of the films. In our earlier studies, the cell
attachment, spreading and growth on a terpolymer of polytetrafluoroethylene, polyvinyl difluoride and
polypropylene (PTFE/PVDF/PP) was markedly improved after the addition of carbon nanotubes to
these polymers, which was attributed to the increased micro- and nano-scale surface roughness. At the
same time, the material surface hydrophobicity was relatively high and did not differ significantly
between the pure and nanotube-modified terpolymers [14,27]. Similarly, in the present study, the
microscale surface roughness of the micropatterned fullerene film, hierarchically combined with a
nanostructure, could compensate, at least to a certain degree, a relatively high hydrophobicity of the
fullerene films.
2.6. Metabolic Activity and Viability of Cells on Fullerene C60 Layers
In order to investigate the metabolic activity of fresh and aged C60 films, the XTT assay, measuring
the activity of mitochondrial enzymes, was performed. This activity is considered to be proportional to
the cell number; therefore, this assay is often used for evaluation the cell proliferation. Thus,
proportionally to the lower cell number, MG-63 cultivated for seven days on both forms of C60 layers
(micropatterned and continuous) showed significantly reduced metabolic activity in comparison with
cells grown on control glass coverslips. As in the case of population densities, the fresh materials
caused a much lower metabolic activity of cells than aged C60 films (Figure 10). Similar results were
obtained after three days of cultivation (data not shown).
Cell viability was analyzed by trypan blue staining. This dye penetrates through the damaged cell
membrane and stains non-viable cells. We found that the cells growing on all tested fullerene films
were highly viable (over 85%). The viability of MG-63 was reduced on both forms of fresh C60 layers
in comparison with glass coverslips and with aged fullerene films. However, the viability of cells
growing on aged C60 layers was comparable to that on the reference glass coverslips (Figure 11).
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Figure 10. Metabolic activity measured per cultures of human osteoblast-like MG-63 cells
on day seven after seeding on micropatterned (A) or continuous (B) fresh and aged
fullerene films. GS, microscopic glass coverslips, reference material; * significant difference
to GS; + significant difference to C60 aged. p ≤ 0.001 (***/+++); p ≤ 0.01 (**/++).
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Figure 11. Viability of human osteoblast-like MG-63 cells after seven days of cultivation
on micropatterned (A) or continuous (B) fresh and aged fullerene films. GS, microscopic
glass coverslips, reference material; * significant difference to GS; + significant difference
to C60 aged. p ≤ 0.05 (*/+).
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2.7. DNA Damage Response
It has been reported that fullerenes are able to bind directly to the minor and major grooves of
double-strand DNA and form a stable complex, which may have a negative impact on the
self-repairing process of the dsDNA, leading to the potential cytotoxic effect of fullerenes [38,39].
Therefore, we have studied the DNA damage response (DDR) of cells growing on fullerene films, by
markers of DNA double strand breaks. For this purpose, the osteosarcoma cell line U-2 OS was used
rather than MG-63, which is p53-deficient. Gamma-HA2X (phosphorylated histone H2AX, a marker
of early DDR) and 53BP1 (p53 binding protein), whose focal recruitment depend on a number of
upstream factors, were evaluated. After three and seven days of cultivation on both types of fresh and
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aged fullerene films, the level of gamma-H2AX phosphorylation was analyzed by flow cytometry. The
results show no increase in the percentage of cells with enhanced phosphorylation of histone H2AX
cultured either on fresh or aged fullerene films in comparison to the reference glass coverslips
(Figure 12). Furthermore, the visualization of both DDR markers by immunofluorescence staining also
revealed no increased recruitment and formation of either gamma-H2AX or 53BP1 foci (Figure 13).
Figure 12. Flow cytometry of a marker of DNA damage response: gamma-H2AX in
human osteoblast-like U-2 OS cells on micropatterned or continuous fresh and aged
fullerene films after seven days of cultivation. GS, microscopic glass coverslips,
reference material; GS + NCS, positive control to phosphorylation of histone H2AX
(gamma-H2AX), induced by 1 h incubation of U-2 OS cells in neocarzinostatin (NCS; 700
ng/mL). M12 defines the percentage of cells with no increase of DNA damage (obtained
from cells growing on reference material, GS); M13 defines the percentage of cells with
increased DNA damage response represented by enhanced phosphorylation of histone
H2AX (obtained from cells incubated with NCS).
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Figure 13. Immunofluorescence staining of markers of DNA damage response: 53BP1
(green) and gamma-H2AX (red) in human osteoblast-like U-2 OS cells on micropatterned
or continuous fresh and aged fullerene films after seven days of cultivation. GS,
microscopic glass coverslips, reference material; GS + NCS, positive control to DNA
damage response, induced by 1 h incubation of U-2 OS cells in neocarzinostatin (NCS;
700 ng/mL).
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3. Experimental Section
3.1. Material Deposition and Storage Condition
Thin C60 fullerene films were synthesized in the Molecular Beam Epitaxy (MBE) systems (in NPI
ASCR Rez) by evaporation of the C60 phase under certain deposition kinetics: background pressure
during deposition ~5 × 10−7 Torr; deposition rate of the C60 phase DR(C60) ~5 nm/min; temperature of
the substrates during deposition ~room temperature. The fullerene layers were deposited on the
selected glass coverslips (Menzel Glaser, Braunschweig, Germany; diameter 12 mm) either as
continuous films or through a metallic mesh with regular rectangular openings (100 μm × 150 μm) as a
micropatterned array of prominences and grooves. To vaporize the C60 phase material, resistive
filament heating of the 99.99% pure C60 powder was used. The samples were stored in air atmosphere
at room temperature in a dark and dry place and evaluated either one week after deposition
(fresh samples) or after one year (aged samples).
3.2. Atomic Force Microscopy (AFM)
Surface morphology and thickness of the C60 films were analyzed by an Atomic Force Microscopy
(AFM microscope NTEGRA, NT-MDT) using a static (contact) mode. The scanning area was selected
either as 1000 nm or 100 μm (the presented micrographs, see Figure 1A,B show only 1000 nm scans).
3.3. Raman Spectroscopy
For analysis of the C60 films, a Renishaw 2000 imaging microscope (using the 514 nm Ar laser)
was applied. The measurements were performed using the low laser power, i.e., (<1 mW) in order to
avoid fragmentation of the C60 molecules. The spectra were measured on the top of the C60
prominences, using the multi-peak Gaussian analysis of the Hg(7), Ag(2) and Hg(8) vibration peaks.
Area peak ratios Ag(2)/Hg(7) and Ag(2)/Hg(8) were evaluated.
3.4. X-ray Photoelectron Microscopy (XPS)
The XPS photoelectron spectra were recorded using an angle-resolved photoelectron spectrometer
ADES 400 (VG Scientific, East Grinstead, England) operating at a base pressure of 1 × 10−10 Torr. The
system is equipped with an X-ray excitation source and a rotatable hemispherical electron energy
analyzer. The spectra were recorded using Mg Kα radiation with the pass energy of 100 eV and 20 eV;
the incidence angle was 70° with respect to the sample surface normal and the emission angle along
the surface normal. The overall energy resolution was 1.2 eV. An area of 1 × 1 cm on the material
surface was exposed to X-rays; thus, the spectra represented a mean value of the signal from this area.
The surface composition of the materials was determined from photoelectron peak areas after
Shirley’s inelastic background subtraction. Assuming a simple model of a semi-infinite solid of
homogeneous composition, the peak areas were corrected for the photoelectric cross-sections [40],
electron inelastic mean free paths [41] and transmission function of the spectrometer used [42].
Experimental uncertainties accompanied with XPS quantitative analysis, assessed on separate
experiments with several standard materials, were estimated to be below 7%. The value covers overall
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uncertainties of the method that are mostly introduced by the background subtraction and the
procedure used for the calculation of concentrations from intensities of spectral lines. High-energy
resolution C 1s photoelectron spectra were recorded at the pass energy of 20 eV.
3.5. Measurement of Wettability
The surface wettability of the fullerene films was estimated from the contact angle measured by a
material-water droplet system using a reflection goniometer (SEE System, Masaryk University, Brno,
Czech Republic). Data were presented as the mean ± standard error of the mean (SEM) obtained from
10 measurements.
3.6. Cells and Culture Conditions
Since the samples were prepared under aseptic conditions (assured by the high temperature),
sterilization was not performed in order to avoid potential damage to the fullerene molecules by
irradiation, heating or chemicals. The fullerene-coated glass coverslips were inserted into polystyrene
24-well tissue culture plates (TPP, Trasadingen, Switzerland; diameter 15.4 mm and growth surface
1.862 cm2, according to the manufacturer’s data) and repeatedly rinsed in phosphate-buffered saline
(PBS; Sigma, St. Louis, MO, USA). The samples were seeded with human osteosarcoma cell lines
MG-63 (European Collection of Cell Cultures, Salisbury, England) in the initial density of
5370 cells/cm2 (10,000 cells per well) or U-2 OS cell line (ATCC-LGC, Cat. No. HTB-96; Manassas,
VA, USA) in densities ranging from 4300 cells/cm2 (8000 cells per well) to 16,100 cells/cm2
(30,000 cells per well). Both cell lines were cultured for 7 days in 1 mL of Dulbecco’s Modified
Eagle’s Medium (Sigma, St. Louis, MO, USA, Cat. No. D5648), supplemented with 10% fetal bovine
serum (Sebak GmbH, Ingelheim, Germany) and gentamicin (40 μg/mL; LEK, Ljubljana, Slovenia) at
37 °C in a humidified air atmosphere containing 5% of CO2. Uncoated microscopic glass coverslips
(Menzel Glaser, Braunschweig, Germany; diameter 12 mm) were used as reference material. Data
from three separate experiments were evaluated. For each experimental group and time interval, three
samples were analyzed.
3.7. Evaluation of Cell Morphology, Initial Adhesion and Proliferation (Growth Curves)
MG-63 cells were cultured for 7 days (seeding density 5370 cells/cm2; 10,000 cells per well). The
evaluation of cell morphology was performed on days 1, 3 and 7 after seeding by using an IX-71
microscope equipped with a DP-71 digital camera (Olympus, Shinjuku, Tokyo, Japan). Immediately
after that, each sample was transferred to fresh polystyrene 24-well tissue culture plates and rinsed
with PBS. The cells were detached by a trypsin-EDTA solution (Sigma, St. Louis, MO, USA, Cat. No.
T4174) and counted using a Bürker haemocytometer (days 1 and 3) or Vi-Cell XR analyzer on day 7
(Beckman Coulter, Fullerton, CA, USA). The obtained cell numbers were expressed as cell population
densities/cm2 and used for the construction of growth curves and calculation of the cell population
doubling time according the following formula:
DT  log 2

t  t0
log N t  log N t0
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where t0 and t represent earlier and later time intervals after seeding, respectively, and Nt0 and Nt the
number of cells at these intervals.
Data from three separate experiments were analyzed. For each experimental group and time
interval, three parallel samples were evaluated.
3.8. Evaluation of Cell Metabolic Activity
In order to investigate the metabolic activity of cells (which is an indirect measure of the cell
proliferation activity), the commercial Cell Proliferation Kit II XTT (Roche, Basel, Switzerland, Cat.
No. 11 465 015 001) was used. This is a colorimetric assays based on the cleavage of the yellow
tetrazolium salt XTT (2,3-bis(2-methoxy-4-nitro-5-sulphophenyl)-2H-tetrazolium-5-carboxanilide) to
a soluble orange formazane derivate by mitochondrial enzymes from metabolically active cells. The
formazane dye is directly quantified by a spectrophotometer. After 3 and 7 days of cultivation, all
samples were transferred to fresh polystyrene 24-well tissue culture plates and rinsed with PBS. To
each sample, 1 mL solution of XTT and Dulbecco’s Modified Eagle’s Medium without Phenol Red
(Gibco, Cat. No 11053-028) supplemented with 10% fetal bovine serum (Sebak GmbH, Ingelheim,
Germany) and gentamicin (40 μg/mL; LEK, Ljubljana, Slovenia) in the ratio of 1 XTT to 2 DMEM
was added (according the manufacturer’s protocol). After 4–6 h of incubation at 37 °C in a humidified
air atmosphere containing 5% of CO2, absorbance of the resulting solution was measured at a
wavelength of 470 nm against the reference value of 650 nm.
As the blank samples, a solution from C60 coated, as well as uncoated microscopic glass coverslips
without seeded cells was used. Data from three separate experiments were analyzed. For each
experimental group and time interval, three parallel samples were used and the solution from each well
was divided into 8 parallel wells.
3.9. Evaluation of Membrane Damage and Cell Viability
On day 7 after seeding, cell viability and membrane damage of the cells were detected by trypan
blue staining performed during cell counting in the Vi-Cell XR analyzer (Beckman Coulter, Fullerton,
CA, USA). Data from three separate experiments were analyzed. For each experimental group 50
images from three parallel samples were evaluated.
3.10. Evaluation of DNA Damage Response
In order to investigate potential DNA damage of cells, osteosarcoma cell line U-2 OS was used
instead of MG-63, which is p53 deficient. After 3 and 7 days of cultivation, DNA damage response was
evaluated by immunofluorescence staining analyzed by fluorescence microscopy and flow cytometry.
The samples for microscopy were rinsed with PBS and fixed with 4% paraformaldehyde (PFA;
Sigma, St. Louis, MO, USA) for 20 min at room temperature. Subsequently, the cells were
permeabilized with 0.1% Triton X-100 in PBS (Sigma, St. Louis, MO, USA) for 20 min at room
temperature. This solution also contained 1% bovine serum albumin for blocking non-specific binding
sites for antibodies. The samples were incubated with primary antibodies anti-53BP1 (0.2 µg/mL;
Santa Cruz Biotech, Dallas, TX, USA; clone H-300) and anti-H2A.X-Phosphorylated Ser139
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(0.4 µg/mL; Millipore, Billerica, MA, USA; clone JBW301) for 1 h, followed by secondary antibodies
coupled to Alexa Fluor 488 and 546 (4 µg/mL; Invitrogen, Molecular Probes, Eugene, OR, USA) for
1 h. Cells were then mounted with microscopic glass coverslips using a Gel/Mount permanent
fluorescence-preserving aqueous mounting medium (Biomeda Corporation, Foster City, CA, USA)
and evaluated under the epifluorescence microscope IX-71 (Olympus, Shinjuku, Tokyo, Japan)
equipped with the digital camera DP-71 (Olympus, Shinjuku, Tokyo, Japan).
The samples analyzed by flow cytometry were prepared using the same protocol as those for
microscopy, except that all steps were performed in suspension, not on microscopic glass coverslips.
After 3 and 7 days of cultivation, three parallel samples from each experimental group were transferred
to new polystyrene 24-well tissue culture plates and rinsed with PBS. The cells were detached by a
trypsin-EDTA solution. The suspensions of three parallel samples were mixed together into one tube.
For flow cytometry, an Alexa Fluor 488 anti-H2A.X-Phosphorylated (Ser139) antibody (5 µg/L million
cells; BioLegend, San Diego, CA, USA; clone 2F3) was used. After 1 h of incubation with antibody,
cells were rinsed and resuspended in PBS. The samples were analyzed by Accuri C6 Flow Cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).
U-2 OS treated with neocarzinostatin (NCS; 700 ng/mL; Sigma, St. Louis, MO, USA) for 1 h were
used as a positive control for markers of DNA damage response. The cells were fixed 3 h after
treatment with NCS. In order to confirm the results, the immunofluorescence staining, as well as flow
cytometry analysis was repeated twice.
3.11. Statistical Analysis
Data were presented as the mean ± SEM (Standard Error of the Mean) obtained from three separate
experiments. Three samples for each experimental group and time interval were evaluated.
A comparison between three groups was analyzed with the ANOVA, Student–Newman–Keuls
Method. In the case of two groups, the Student’s t-test for unpaired data was used. p-values less than
0.05 were considered statistically significant.
4. Conclusions
Our study revealed that the colonization of fullerene C60 films with human osteoblast-like MG 63
cells was lower in comparison with control microscopic glass coverslips, which served as substrates
for the fullerene deposition. This was indicated by lower cell numbers and lower metabolic activity,
measured by XTT test, of cells on the C60 films. On C60 films with micropatterned morphology, the cells
adhered preferentially in grooves among the prominences. All these differences were more pronounced
on fresh (i.e., one week old) than on aged (i.e., one year old) fullerene films. On the fresh films, also
the cell viability, measured by a trypan blue exclusion test, was lower than on control glass coverslips
and aged fullerene layers. Nevertheless, studies performed on human osteoblast-like U-2 OS cells
revealed no DNA damage response of these cells cultivated on fresh or aged fullerene films. The increasing
age of the fullerene films resulted in an improvement of the physicochemical properties of these materials,
which became more suitable for cell cultivation. Therefore, fullerene films could be considered as
promising materials in bone tissue engineering, namely for potential coating of bone implants.
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Thin films of binary C60/Ti composites, with various concentrations of Ti ranging from ~ 25%
to ~ 70%, were deposited on microscopic glass coverslips and were tested for their potential
use in bone tissue engineering as substrates for the adhesion and growth of bone cells. The
novelty of this approach lies in the combination of Ti atoms (i.e., widely used biocompatible
material for the construction of stomatological and orthopedic implants) with atoms of fullerene C60, which can act as very efficient radical scavengers. However, fullerenes and their
derivatives are able to generate harmful reactive oxygen species and to have cytotoxic effects. In order to stabilize C60 molecules and to prevent their possible cytotoxic effects, deposition in the compact form of Ti/C60 composites (with various Ti concentrations) was
chosen. The reactivity of C60/Ti composites may change in time due to the physicochemical
changes of molecules in an air atmosphere. In this study, we therefore tested the dependence between the age of C60/Ti films (from one week to one year) and the adhesion, morphology, proliferation, viability, metabolic activity and potential DNA damage to human
osteosarcoma cells (lines MG-63 and U-2 OS). After 7 days of cultivation, we did not observe any negative influence of fresh or aged C60/Ti layers on cell behavior, including the
DNA damage response. The presence of Ti atoms resulted in improved properties of the
C60 layers, which became more suitable for cell cultivation.

Introduction
Fullerenes are spheroidal hollow cage-like carbon nanoparticles with diverse biological activities. Due to their unique physicochemical properties, e.g. the ability to withstand high temperatures and pressures, and also the high reactivity of these nanoparticles, fullerenes are expected
to have great potential in a wide range of fields including medicine. The high reactivity of these
molecules has been explained by bending of sp2-hybridized carbon atoms, which produces
angle strain, and by the presence of double bonds, which can react with radical species. Fullerenes C60 and their derivatives are therefore considered to be the world’s most efficient radical
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scavengers with strong antioxidant properties (for a review, see [1, 2]). For example, fullerene
C60 and its derivative fullerol has been reported to antagonize the oxidative stress generated by
dexamethasone therapy, and thus to prevent osteonecrosis [3, 4]. By quenching oxygen radicals, fullerenes C60 also inhibit the differentiation of osteoclasts and the production of matrix
metalloproteases, and can thus inhibit the destruction of bone and cartilage tissue in arthritis
[5, 6]. Complexes of fullerenes with polyvinylpyrrolidone (with fullerene C60 as the major component) displayed photoprotective effects on keratinocytes against ultraviolet B irradiation [7].
However, fullerenes are able not only to quench, but also to generate dangerous reactive oxygen species (ROS). Numerous studies have described fullerenes as a cytotoxic and genotoxic
agent, causing oxidative DNA damage [8, 9], inhibition of detoxificatory and antioxidant enzymes [10], polyploidy [11], premature cell senescence [12], apoptosis [13] and inflammation
[14]. The biological response to fullerenes is profoundly influenced by their physical and chemical properties, such as water solubility [15]; for a review, see [16], functionalization with various chemical groups [17], electronic behavior, degree of agglomeration [13], and also
concentration [14]. For example, increased water solubility was associated with decreased cytotoxicity of C60. On the other hand, certain solvents can enhance fullerene toxicity (for a review,
see [16]). The carboxylate derivatization of fullerenes was the determining factor in their ability
to induce apoptosis in human monocytic THP1 cells [13]. At lower concentrations (less than
0.04mg/ml), fullerene-based amino acid nanoparticles 0.04 mg/mL initiated less cytokine activity and maintained the viability of human keratinocytes, while at higher concentrations (0.04
to 0.4 mg/ml) these nanoparticles were cytotoxic and pro-inflammatory [14].
In order to prevent possible cytotoxic effects of fullerenes, deposition of these molecules in
the form of compact and stable layers, well-adhering to the underlying substrate, was chosen.
We supposed that the fullerene films could be strengthened by introducing a biocompatible
metallic component into the films. Fullerene C60-gold nanoparticle films, self-assembled on
silanized glass coverslips, showed good chemical and ultrasonic stability, as revealed by their
immersion in 0.1 M HCl and by their exposure to ultrasonic irradiated surrounding [18]. The
introduction of a suitable metallic component was expected to stabilize the fullerene films in
terms of reducing the release of free C60, their penetration into cells, and thus to eliminate the
potential negative effects of fullerenes. Titanium was chosen as this metallic component, due
its biocompatibility, which has been proven in its numerous and long-lasting experimental and
clinical applications. Titanium is a metal that has been widely used for constructing stomatological implants and, in the form of alloys, such as Ti-6Al-4V or newly developed beta-titanium
alloys, also for orthopedic implants, such as load-bearing joint replacements [19–22]; for a review, see [23]. Titanium was also tested with positive results in our earlier studies as a potential
component of carbon-based coatings of bone implants, namely amorphous carbon with titanium [24] or hydrocarbon plasma polymers enriched with Ti [25]. Specifically, the presence of
Ti in these coatings enhanced the adhesion, spreading, growth and production of osteocalcin
in human osteoblast-like MG-63 cells. The presence of Ti in diamond-like carbon (DLC) coatings also increased their bioactivity compared to pure DLC. This was manifested by precipitation of compounds containing calcium and phosphorus, i.e., basic components of the bone
apatite, and by increased colonization of Ti-doped DLC with human osteoblast-like MG 63
cells [26]. At the same time, the addition of Ti into DLC coatings improved their mechanical
properties, namely by increasing their adhesion to the underlying substrates [27], by decreased
their residual stress and friction coefficient, and by modulating their hardness to appropriate
values [28, 29].
The construction of C60/Ti composites in this study was also inspired by our earlier studies
and by studies by other authors, in which C60 was combined with transitional metals, namely Ni,
Fe, Nb, Pt and Pd [30–34]. These composites showed interesting structural, electrotransport,

PLOS ONE | DOI:10.1371/journal.pone.0123680 April 15, 2015

2 / 23

Cells on C60/Ti Films

electrochemical and photoelectric properties, and are applicable in electronics or photovoltaics
[35]; for a review, see [33]. However, with the exception of Nb, which is considered as biocompatible, all metals mentioned here are known to be cytotoxic. To the best of our knowledge, C60/
Ti composite films, with the exception of our earlier studies [36, 37], have not yet been constructed and investigated for biomedical purposes by other authors. In our earlier studies, only
the adhesion and growth of MG-63 cells, measured by changes in their number in three time intervals, were investigated on C60/Ti composite films, together with regional selectivity of cell colonization, if these films were constructed as micropatterned, i.e. containing grooves and
prominences [36, 37]. The novelty of present study lies in the deeper investigation of the cell behavior on C60/Ti films, including not only their adhesion and growth, but also their viability, mitochondrial activity, and potential DNA damage.
Another important factor investigated in our study is the influence of the age of C60/Ti composites on these parameters, as well as on the regional selectivity of the cell colonization on
films with a micropatterned morphology. In our earlier study performed on pure fullerene C60
films, fresh fullerene films lowered the cell number, viability, growth and metabolic activity,
and these parameters improved markedly with aging of the C60 films [38]. Moreover, micropatterned fresh fullerene films promoted regionally-selective cell colonization in grooves
among the prominences, which almost disappeared on aged fullerene films. These results were
attributed to changes in the fullerene films during aging, e.g. fragmentation, oxidation, polymerization and graphitization of fullerenes in an air atmosphere, and thus loss of their reactivity [38].
Last but not least, the C60/Ti fullerene films in the present study were deposited with three
different concentrations of Ti, ranging from ~ 25% (i.e., 25 Ti atoms and 75 C60 molecules) to
~ 70%, in order to investigate potential differences in their stability and in the cell behavior on
these surfaces. On DLC films doped with three concentration levels of Ti (up to 23 at. %), the
number of MG-63 cells increased with the increasing Ti concentration. They were highest on
DLC with a medium and highest content of Ti [26].

Material and Methods
Material deposition
The C60/Ti composite films were prepared by co-deposition of C60 and Ti onto microscopic
glass coverslips (Menzel-Gläser, Germany, diameter 12 mm) in the Molecular Beam Epitaxy
(MBE) chamber using the Knudsen cell and an e—gun for vaporization of C60 and Ti, respectively (Fig 1), under certain deposition kinetics: background pressure during deposition ~
5 × 10−7 Torr; deposition rate ~ 1 nm/min; temperature of the substrates during deposition ~
room temperature (RT). Three C60/Ti systems, with different phase ratios, were fabricated, i.e.,
with a low concentration (25%, i.e., 25 Ti atoms and 75 C60 molecules), medium concentration
(45%) and high concentration (70%) of Ti atoms in the composite.
The composites were synthesized with a micropatterned morphology by deposition through
a contact mask (a metallic mesh) producing rectangular C60/Ti prominences with an average
size of 128 μm per 98 μm (12,500 μm2) and with 50 μm spacing. However, as revealed by
Raman spectroscopy and AFM, these spaces (grooves) also contained a very thin continuous
film of C60/Ti composites.
The samples were stored for 1–2 weeks (fresh samples) or for 1 year (aged samples) in an air
atmosphere at room temperature in a dark and dry place, and were then evaluated.
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Fig 1. Scheme of the preparation of hybrid fullerene C60/metal composites. Deposition rates: DR(M) =
DR(C60) ~ 1 nm/min. Temperatures during deposition: RT.
doi:10.1371/journal.pone.0123680.g001

Raman spectroscopy
A Renishaw 2000 imaging microscope (using a 514 nm Ar laser) was applied for an analysis of
the C60/Ti films. The measurements were performed using low laser power, i.e., (< 1 mW) in
order to avoid fragmentation of the C60 molecules. The spectra were measured on the top of
the C60/Ti prominences, using multi-peak Gaussian analysis of the Hg(7), Ag(2) and Hg(8) vibration peaks. Area peak ratios Ag(2)/Hg(7) and Ag(2)/Hg(8) were evaluated.

Atomic force microscopy (AFM)
The surface morphologies of the C60/Ti layers were analyzed by atomic force microscopy
(AFM microscope NTEGRA, NT-MDT) using a static (contact) mode. The scanning area was
selected as 5 x 5 μm2.

Stability of C60/Ti coating (potential water dissolution)
All examined C60/Ti coatings with a low, medium and high content of Ti were incubated in
1 ml of deionized water at 37°C in a humidified air atmosphere containing 5% of CO2 for 24
hours (mimicking the rinsing phase prior to use for all biological experiments; described below
in Cells and culture conditions). After 24 hours, the water was transferred from the C60/Ti samples to glass Petri dishes (diameter 2 cm), and fresh deionized water was added to the same
C60/Ti samples for further 48 hour-long incubation (mimicking the incubation phase with cells
in biological experiments). The water solutions were slowly dried on glass Petri dishes for 2
days. When all water was evaporated, the thin films that had formed on the bottom of the Petri
dishes were analyzed by Raman spectroscopy.
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Measurement of wettability
The surface wettability of the C60/Ti composites was estimated from the contact angle measured by a material-water droplet system using a reflection goniometer (SEE System, Masaryk
University, Brno, Czech Republic). The data was presented as mean ± standard error of the
mean (S.E.M.) obtained from 10 measurements.

Cells and culture conditions
Since the samples were prepared under aseptic conditions (assured by the high temperature),
sterilization was not performed in order to avoid potential damage to the fullerene molecules
by irradiation, heating or chemicals. However, to prevent the potential release of newly deposited C60/Ti molecules into the culture medium, all samples (i.e., glass coverslips coated with C60/
Ti films with various Ti concentrations) were incubated in deionized water at 37°C in a humidified air atmosphere containing 5% of CO2 for 24 hours prior to each biological experiment.
The samples were then repeatedly rinsed in phosphate-buffered saline (PBS; Sigma, Missouri,
U.S.A.). For studies on cell adhesion, spreading, growth, morphology, viability and metabolic
activity, the samples were seeded with human osteoblast-like MG-63 cells (European Collection of Cell Cultures, UK) in an initial density of 5 370 cells/cm2 (10 000 cells per well). For
studies on DNA damage, human osteoblast-like U-2 OS cells (ATCC-LGC, No. HTB-96) were
used in densities ranging from 4 300 cells/cm2 (8 000 cells per well) to 16 100 cells/cm2 (30 000
cells per well). Both cell lines were cultured for 1, 3 or 7 days in 1 mL of Dulbecco's Modified
Eagle's Medium (Sigma, Missouri, U.S.A., Cat. No. D5648) supplemented with 10% fetal bovine serum (Sebak GmbH, Germany) and gentamicin (40 μg/mL; LEK, Slovenia) at 37°C in a
humidified air atmosphere containing 5% of CO2. Uncoated microscopic glass coverslips
(Menzel-Gläser, Germany; diameter 12 mm) were used as a reference material. For each experimental group and time interval, 3 samples were analyzed, and the experiment was repeated
three times.

Evaluation of cell morphology, initial adhesion and proliferation
The MG-63 cells were cultured for 7 days (seeding density 5 370 cells/cm2; 10 000 cells per
well). An evaluation of the cell morphology was performed on days 1, 3 and 7 after seeding,
using an IX-71 microscope equipped with a DP-71 digital camera (Olympus, Japan). Immediately after that, each sample was transferred to fresh polystyrene 24-well tissue culture plates
and rinsed with PBS. The cells were detached by a trypsin-EDTA solution (Sigma, Missouri, U.
S.A., Cat. No T4174) and were counted using a Bürker haemocytometer (days 1 and 3) or
using a Vi-Cell XR analyzer on day 7 (Beckman Coulter, California, U.S.A.). The cell numbers
were expressed as cell population densities/cm2 and were also used for calculating the cell population doubling time according to the following formula:
DT ¼ log2

t  t0
logNt  logNt 0

where t0 and t represent earlier and later time intervals after seeding, respectively, and Nt0 and
Nt are the numbers of cells at these intervals.
In order to confirm the validity of the results, the experiments were repeated and data from
separate experiments was analyzed. For each experimental group and time interval, three parallel samples were evaluated, and the experiment was repeated three times.
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Evaluation of cell metabolic activity
The commercial Cell Proliferation Kit II XTT (Roche, Switzerland, Cat.No.11 465 015 001)
was used to investigate the potential cytotoxicity of the C60/Ti films. This is a set of colorimetric
assays based on cleavage of the yellow tetrazolium salt XTT (2,3-bis(2-methoxy-4-nitro-5-sulphophenyl)-2H-tetrazolium-5-carboxanilide) to a soluble orange formazane derivate by mitochondrial enzymes from metabolically active cells (an indirect measure of the cell proliferation
activity). The formazane dye is directly quantified by a spectrophotometer. After 3 and 7 days
of cultivation, all samples were transferred to new polystyrene 24-well tissue culture plates and
were rinsed with PBS. A 1 mL solution of XTT and Dulbecco's Modified Eagle's Medium without Phenol Red (Gibco, Cat. No 11053–028), supplemented with 10% fetal bovine serum
(Sebak GmbH, Germany) and gentamicin (40 μg/mL; LEK, Slovenia) in the ratio of 1 volume
part of XTT to 2 volume parts of DMEM, was added to each sample (according to the manufacturer’s protocol). After 4–6 hours of incubation at 37°C in a humidified air atmosphere
containing 5% of CO2, the absorbance of the resulting solution was measured at wavelength
470 nm against the reference value of 650 nm.
Solutions from C60/Ti-coated samples and also from uncoated microscopic glass coverslips
without seeded cells were used as blank samples. In order to confirm the validity of the results,
the experiment was repeated three times, and the data from separate experiments was analyzed.
For each experimental group and time interval within one experiment, three parallel samples
were used and the solution from each well was divided into 8 parallel wells.

Evaluation of membrane damage and cell viability
On day 7 after seeding, cell viability and membrane damage to cells were detected by trypan
blue staining performed during cell counting in the Vi-CELL XR analyzer (Beckman Coulter,
California, U.S.A.). Data from three separate experiments was analyzed. For each experimental
group, 50 images from three parallel samples were evaluated within one experiment.

Evaluation of the DNA damage response
In order to investigate potential DNA damage to the cells, osteosarcoma cell line U-2 OS was
used instead of MG-63, which is p53 deficient. After 3 and 7 days of cultivation, the DNA damage response was evaluated by immunofluorescence staining analyzed by fluorescence microscopy and flow cytometry.
The samples for microscopy were rinsed with PBS and fixed with 4% paraformaldehyde
(PFA; Sigma, Missouri, U.S.A.) for 20 minutes at room temperature. Subsequently, the cells were
permeabilized with 0.1% Triton X-100 in PBS (Sigma, Missouri, U.S.A.) for 20 minutes at room
temperature. This solution also contained 1% bovine serum albumin for blocking non-specific
binding sites for antibodies. The samples were incubated with primary antibodies anti-53BP1
(0.2 μg/mL; Santa Cruz Biotech, California, U.S.A.; clone H-300) and anti-H2A.X-Phosphorylated Ser139 (0.4 μg/mL; Millipore, Massachusetts, U.S.A.; clone JBW301) for 1 hour, followed by
secondary antibodies coupled to Alexa Fluor 488 and 546 (4 μg/mL; Invitrogen, Molecular
Probes, Oregon, U.S.A.) for 1 hour. The cells were then mounted with a microscopic glass coverslip using a Gel/Mount permanent fluorescence-preserving aqueous mounting medium (Biomeda Corporation, California, U.S.A.) and were evaluated under the IX-71 epifluorescence
microscope (Olympus, Japan) equipped with a DP-71 digital camera (Olympus, Japan).
The samples analyzed by flow cytometry were prepared using the same protocol as those for
microscopy, except that all steps were performed in a suspension, not on microscopic glass coverslips. Alexa Fluor 488 anti-H2A.X-Phosphorylated (Ser139) antibody (5 μg/1 million cells; BioLegend, California, U.S.A.; clone 2F3) was used for flow cytometry. After 1 hour of incubation
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with antibody, the cells were rinsed and resuspended in PBS. The samples were analyzed using
an Accuri C6 Flow Cytometer (BD Biosciences, New Jersey, U.S.A.).
U-2 OS treated with neocarzinostatin (NCS; 700 ng/mL; Sigma, Missouri, U.S.A.) for 1 hour
were used as a positive control to markers of a DNA damage response. The cells were fixed 3
hours after treatment with NCS. Immunofluorescence staining and also flow cytometry analysis were repeated in order to confirm the results.

Statistical analysis
The data was presented as mean ± S.E.M. (Standard Error of the Mean) or median with interquartile range (IQR) obtained from three separate experiments. Within each experiment, three
samples for each experimental group and time interval were evaluated. A comparison between
all groups was analyzed by two-way ANOVA, Student-Newman-Keuls Method, to evaluate
two factors: the composition of the C60/Ti layers (Ti content—25%, 45%, 70%) and their age (1
week or 1 year). P-values less than 0.05 were considered statistically significant.

Results and Discussion
Raman spectroscopy
A study by Raman spectroscopy measured on the top of the prominences revealed a change in
both the fresh and aged fullerene films, in comparison with the C60 standard. Fig 2A depicts
the Raman spectra (only relevant details between 1100–1800 cm-1) measured on the fresh (i.e.,
1-week-old) C60/Ti composites deposited on glass coverslips at RT with a low (25%), medium
(45%) and high (70%) concentration of Ti. For comparison, a Raman spectrum from the C60
standard (a film of C60 deposited on glass coverslips) is also shown. The main Raman vibration
modes for fullerenes: Ag(2), Hg(7) and Hg(8) were inspected. For all fresh layers, a change in
the spectra revealed that the intensity of the most important Ag(2) peak (pentagonal pinch
mode, characteristic for fullerenes) dropped dramatically down (compared to the neighboring
Hg(7) and Hg(8) vibration modes). Moreover, the Ag(2) peak exhibits a significant red shift towards position 1450 cm-1. The Hg(7) and Hg(8) modes remained on the same positions, but
the area ratios Hg(7)/Ag(2) and Hg(8)/Ag(2) altered in comparison with the C60 standard.
These changes are ascribed to alterations in the chemical bonding of C60, such as polymerization (interaction of fullerene molecules into a polymerized network) and oxidation (chemical
bonding of oxygen with fullerene molecules) [39]. It is known that Ag(2) is the most sensitive
vibration mode—by analyzing this mode one can get information about the C60 structural and
bonding change (high sensitivity of Ti/C60 towards oxidation is described e.g. in [30]). All
these changes are more obvious with increasing Ti content. In addition, new vibration modes
G appeared in layers with a low and medium Ti content, indicating the formation of graphitic
flakes.
An examination of aged (i.e., 1-year-old) C60/Ti composites revealed dramatic difference in
comparison with the fresh samples. The most important Ag(2) mode is suppressed for all Ti
concentrations, and Hg(8) and G (formation of graphitic flakes and fragmentation of fullerenes) became the most prominent peaks. Another important difference of aged layers is the
formation of the D band in films with low and medium Ti content, indicating disordered nanocarbon with sp3 bonding (Fig 2B).
Degradation and oxidation of C60 films during aging was also proven by X-ray Photoelectron Spectroscopy (XPS) in our earlier study [38]. Alterations and fragmentation of fullerenes
are enhanced in hybrid systems (transition metal/C60) because of the strong catalytic properties
of transition metals (including Ti) during co-deposition, which may cause the fullerene decay.
The effect of aging was therefore least obvious in the samples with a high Ti concentration.
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Fig 2. Raman spectra (between 1100–1800 cm-1) of the fresh (A) and aged (B) C60/Ti composites with various Ti concentrations (low: 25%, medium:
45%, high: 70%). For comparison, a spectrum from the C60 standard is shown.
doi:10.1371/journal.pone.0123680.g002
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Based on reports from a similar system (with the combination of immiscible phases, i.e., C60/
Ni), the transition metal–fullerene hybrid composites, deposited at RT, are structurally stressed
and exhibit a tendency toward phase separation [31, 32]. The final structure depends on the
ratio of the building blocks (Ti and C60), the thickness of the film and the temperature of preparation. Obviously, the different structure with different chemical bonds and surface morphology can have a different effect on the adhesion and growth of cells in biological systems.

Atomic force microscopy (AFM)
The morphology of the C60/Ti films was analyzed by AFM (Fig 3) in the 5 x 5 μm2 scanning
areas. The thickness of the films varied from 10 nm (in grooves among the prominences) to
about 300 nm (on the tops of the prominences). The ratio between the thicknesses of the C60/
Ti films at the prominences and in the grooves changed in the course of time, i.e., the ratio became lower in the aged composites (Table 1). This could be explained by a decrease in the
height of the prominences after diffusion of the fullerenes, which was also observed in our earlier studies performed on pure micropatterned C60 films [38, 40].
In addition, the AFM images from the top of the prominences of all deposited systems with
low (25%), medium (45%) and high (70%) atomic concentrations of Ti exhibited an interesting
feature—the formation of particles with a different size (S) and area density (D), see Table 1.
These particles, grown on the surface of the samples, were inspected by Raman spectroscopy
and it was confirmed that they are large fullerene clusters with a low concentration of the Ti
phase (causing only a mild disruption of the Ag(2) pinch mode). This interesting effect was

Fig 3. AFM images of the surface morphology on the prominences of the fresh and aged C60/Ti composites with various Ti concentrations (low:
25%, medium: 45%, high: 70%).
doi:10.1371/journal.pone.0123680.g003
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Table 1.
Parameter

Fresh C60/Ti ﬁlms

Aged C60/Ti ﬁlms

TP25 / TG25

~ 8.3

~ 3.5

S25 [nm]

50–100

50–200

D25 [particles / 25 μm2]

~ 650

~ 150

TP45 / TG45

~ 10

~ 5.3

S45 [nm]

100–200

50–200

D45 [particles / 25 μm2]

~ 250

50

TP70 / TG70

~ 11.6

~4

S70 [nm]

25–75

50–150

D70 [particles / 25 μm2]

~ 250

30

Main characteristics of the surface morphology of the prominences for fresh and aged (1-year-old) C60/Ti
thin ﬁlms with various Ti concentrations (low: 25%, medium: 45%, high: 70%). TP/TG—ratio between the
thickness of the prominences and the thickness of the grooves, S—particle size, D—particle area density.
Scanning areas: 5 x 5 μm2.
doi:10.1371/journal.pone.0123680.t001

already observed for the C60/Ni hybrid system that was also prepared at RT [34]. The C60/Ni
composite was grown as a stressed, supersaturated mixture of two immiscible phases showing
a strong proclivity to phase separation and particle network formation. After a year, about 200
particles per mm-2 several micrometers in size were formed. Interestingly, in the case of the
C60/Ti composites, all the observed particles had become smaller in size, the largest being only
about 200 nm. The reason might be a limited reservoir (from a single prominence) for the diffusing fullerene molecules (building blocks for the grown particles), or different stress intensity
(in comparison to the C60/Ni system). On the other hand, the size of the C60/Ti particles was
larger than the typical granule size observed on pure C60 layers (~50 nm) [38]. In both (fresh
and aged) cases, however, the morphology of the prominences changed, and this new nonostructural surface may be expected also to affect the biocompatibility of the hybrid system.
In addition, a different density of these clusters was observed on fresh and aged C60/Ti layers. The number of C60/Ti particles was higher on the fresh layers than on the aged films, but
the size of the particles was slightly higher in the aged films (Fig 3, Table 1). This could be explained by fragmentation and diffusion of the fullerene molecules, and also by their polymerization and other changes in the C60/Ti systems during the aging period.

Stability of C60/Ti coating in a water environment
The stability of fresh C60/Ti layers with a low, medium and high content of Ti was evaluated by
dissolution in deionized water, and was analyzed by Raman spectroscopy. In the original (as
deposited) films, the Raman measurements point to the dominant Ag(2) breathing mode, confirming the presence of fullerenes (Fig 2; described above). However, the examination of the
dried water in the Petri dishes, taken from the C60/Ti films, did not prove any presence of fullerenes or other carbon allotropes. The Raman spectra showed only a broad luminescence distribution with Si-O-Si and O-H peaks from glass (Petri dish) and H2O (Fig 4). Thus, no
dissolution of C60 molecules was observed, and all tested C60/Ti films deposited on the glass
coverslips were mechanically stable in the water.
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Fig 4. Raman spectrum of thin films formed in Petri dishes by evaporating water solutions after incubation of C60/Ti composites with a low (A),
medium (B) and high (C) content of Ti for 24 hours and then for another 48 hours. No Ag(2) vibration mode (i.e., no presence of C60) was confirmed.
doi:10.1371/journal.pone.0123680.g004
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Fig 5. Static water drop contact angle of fresh and aged C60/Ti composites with various Ti
concentrations (low: 25%, medium: 45%, high: 70%). * significant difference between fresh and aged
layers; p  0.05.
doi:10.1371/journal.pone.0123680.g005

Hydrophobicity of C60/Ti layers
Both fresh and aged layers of all C60/Ti composites with various Ti concentrations were at a relatively high hydrophobic level ranging from 89.6° to 98.4°. A significant decrease in the water
contact angle was observed during the aging of C60/Ti films with low and medium Ti content
(Fig 5, S1 Table, S1 Dataset).
This could be explained by spontaneous physicochemical changes (such as fragmentation,
polymerization, oxidation and graphitization) in an air atmosphere (Fig 2; described above).
This decline was not observed for aged C60/Ti layers with a high Ti content (Fig 5, S1 Table,
S1 Dataset), which is in correlation with the results obtained from Raman spectroscopy, where
the spectra of the fresh and aged samples were very similar, and therefore fewer physicochemical changes occurred during their aging (Fig 2; described above). The presence of oxygen and
the formation of oxygen-containing chemical functional groups are known to increase the surface wettability of various materials, e.g. synthetic polymers, metals or carbon-based materials
(for a review see [1, 2]). In our earlier studies, oxidation and also fragmentation, polymerization and graphitization of fullerenes were observed on fullerene films exposed to 70% cold ethanol used for material sterilization.

Initial adhesion, proliferation and morphology of cells on fullerene C60 /Ti
layers
The number of initially adhered human osteoblast-like cells MG-63 cells on day 1 after seeding
on fresh (i.e., one-week-old) C60/Ti composites with various Ti additions was slightly lower
(the decrease correlated positively with the increase in Ti concentration) in comparison with
the reference microscopic glass coverslips (Fig 6A, S2A Table, S1 Dataset); however, these reductions were not proven to be statistically significant. Similar results for cell numbers were obtained on day 3 after seeding (Fig 6B, S2B Table, S1 Dataset). The calculation of the cell
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Fig 6. Numbers of human osteoblast-like MG-63 cells on fresh or aged C60/Ti composites with various
Ti concentrations (low: 25%, medium: 45%, high: 70%) on day 1 (A), 3 (B) and 7 (C) after seeding. GS:
microscopic glass coverslips, a reference material. No significant differences among the experimental groups
were found.
doi:10.1371/journal.pone.0123680.g006
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Fig 7. Morphology of human osteoblast-like MG-63 cells on day 3 after seeding on fresh and aged C60/Ti composites with various concentrations
of Ti (low: 25%, medium: 45%, high: 70%). GS: microscopic glass coverslips, reference material.
doi:10.1371/journal.pone.0123680.g007
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population doubling time also did not reveal any significant decrease in proliferation of cells
cultured on fresh C60/Ti films. The doubling times of the cells cultured on all fresh samples
were comparable with the reference material (S1 and S2 Figs, S3 Table, S1 Dataset).
On the aged C60/Ti films, the initial adhesions as well as the cell numbers on all tested samples were almost the same in all culture intervals (Fig 6, S2 Table, S1 Dataset). The growth dynamics of cells cultured on aged composites of all Ti concentrations was also similar to that on
the reference material (the doubling times are shown in S1 and S2 Figs, S3 Table, S1 Dataset).
In a previous study performed on pure C60 layers, lower numbers and slower proliferation of
MG 63 cells were found on the fresh films in comparison with the control glass coverslips or with
aged C60 films [38]. However, on aged C60 films, these differences diminished considerably or almost disappeared. This result was explained by changes in C60 molecules during their ageing,
such as fragmentation, polymerization and oxidation, which decreased the reactivity of fullerenes.
Interestingly, the examination of C60/Ti composites in this study showed no significant differences
in cell adhesion and growth between the fresh and aged films. Moreover, from this point of view,
both fresh and aged layers were comparable to the reference glass coverslips. A possible explanation for this improvement of the fresh C60 layers for cell cultivation by co-deposition with Ti
could be that fragmentation, polymerization and oxidation of C60 occurred during deposition of
the composite films by the interaction of C60 molecules with Ti atoms, and not only due to the
ageing of the C60/Ti films. In other words, the C60/Ti composites exhibited similar biocompatibility as the mix of amorphous carbon and titanium. Similarly, amorphous carbon in the form of
films or electrospun nanofibrous scaffolds has been shown to provide good support for the adhesion and proliferation of mouse neuroblastoma N2a cells and rat Schwann RT4-D6P2T cells [41].
The cell morphology was similar on both fresh and aged C60/Ti composites of all Ti concentrations. The cells were generally well-spread, polygonal or spindle-shaped. No cytotoxic morphological changes, such as enlarged cells or cytosolic vacuole formation, were observed on
fresh or on aged C60/Ti films with various Ti concentrations (Fig 7).
Preferential growth in grooves among the prominences was also apparent, particularly on the
fresh composites (Fig 7). Similar cell behavior was also observed in our earlier studies performed
on micropatterned pure C60 as well as hybrid C60/Ti films [36–38, 40]. Nevertheless, on micropatterned pure C60 films, the preferential cell colonization in grooves was much more apparent on the
fresh films than on the aged films. This was explained by the diffusion of C60 molecules from the
prominences towards the grooves and thus lowering of the prominences during aging [38]. On the
composite C60/Ti films in the present study, prominences and preferential cell colonization in
grooves were still apparent on the aged films, particularly those with the highest Ti concentration.
This could be attributed to increased stability of the prominences due to the presence of Ti atoms.

Metabolic activity and viability of cells on fullerene C60 /Ti layers
In order to investigate the potential cytotoxicity of fresh and aged C60/Ti composites with various Ti additions, an XTT cell proliferation assay was performed. Proportionally to the cell
numbers, MG-63 cultivated for 7 days on both fresh and aged C60/Ti layers showed comparable metabolic activity (i.e., activity of mitochondrial enzymes) with cells grown on control glass
coverslips (Fig 8, S4 Table, S1 Dataset). No significant differences in metabolic activity were
found among the various Ti concentrations or the ages of the C60/Ti composites.
Cell viability and potential cell membrane damage were analyzed by trypan blue staining.
The cells growing on all tested C60/Ti composites were highly viable (over 80%) and were comparable to the cells on the reference material. No statistically significant differences in viability
were observed among the various Ti concentrations or ages of the C60/Ti composites (Fig 9, S5
Table, S1 Dataset). The improvement in metabolic activity and also in the viability of cells
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Fig 8. Metabolic activity measured by the XTT test per culture of human osteoblast-like MG-63 cells
on day 7 after seeding on fresh and aged C60/Ti composites with various Ti concentrations (low: 25%,
medium: 45%, high: 70%). GS: microscopic glass coverslips, a reference material. No significant
differences among the experimental groups were found.
doi:10.1371/journal.pone.0123680.g008

Fig 9. Viability of human osteoblast-like MG-63 cells, measured by the trypan blue exclusion test on
day 7 after seeding on fresh and aged C60/Ti composites with various Ti concentrations (low: 25%,
medium: 45%, high: 70%). GS: microscopic glass coverslips, reference material. No significant differences
among the experimental groups were found.
doi:10.1371/journal.pone.0123680.g009
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Fig 10. Flow cytometry of the marker of DNA damage response: gamma-H2AX in human osteoblast-like U-2 OS cells on fresh (A) and aged (B) C60/
Ti composites with various Ti concentrations (low: 25%, medium: 45%, high: 70%). GS: microscopic glass coverslips, reference material; GS+NCS:
positive control to phosphorylation of histon H2AX (gamma-H2AX), induced by 1 hour incubation of U-2 OS in neocarzinostatin (NCS; 700ng/mL). M19 and
M1 define the percentage of cells with no increase in DNA damage (obtained from cells growing on the reference material, GS); M20 and M2 define the
percentage of cells with an increased DNA damage response represented by enhanced phosphorylation of histon H2AX (obtained from cells incubated with
NCS).
doi:10.1371/journal.pone.0123680.g010

cultured on C60/Ti layers (especially fresh composites) is obvious when compared to our previous study performed on pure C60 layers [38].

DNA damage response
It has been reported that fullerenes are able to bind directly to the minor and major grooves of
double-strand DNA and to form a stable complex, which may have a negative impact on the
self-repairing process of the dsDNA and may lead to a potential cytotoxic effect of fullerenes
[42, 43].
We therefore studied the DNA damage response (DDR) of cells growing on fullerene films,
by markers of DNA double strand breaks. For this purpose, osteosarcoma cell line U-2 OS was
used instead of MG-63, which is p53-deficient. Gamma-HA2X (phosphorylated histon H2AX,
a marker of early DDR) and 53BP1 (p53 binding protein), whose focal recruitment depends on
a number of upstream factors, were evaluated. After 3 and 7 days of cultivation on various Ti
concentrations of fresh and aged C60/Ti composites, the level of gamma-H2AX phosphorylation was analyzed by flow cytometry. The results show no increase in the percentage of cells
with enhanced phosphorylation of histon H2AX cultured on layers with various Ti additions
in comparison to the reference glass coverslips. Moreover, there was no effect of the age of
the C60/Ti composites on DDR (Fig 10). Furthermore, the visualization of both DDR markers
by immunofluorescence staining also revealed no increased recruitment or formation of either
gamma-H2AX or 53BP1 foci (Fig 11). These results are consistent with our previous study
focused on C60 layers [38]. In accordance with our results, fullerene C60 nanoparticles in suspension had no genotoxic ability in the bacterial reverse mutation assay, in the in vitro chromosome aberration assay, or in the in vivo micronucleus assay [44]. In addition, fullerenol
mediated a decrease in the frequency of micronuclei and chromosome aberrations [45].

Conclusions and Further Perspectives
Our study has revealed that both fresh and aged C60/Ti composites are suitable substrates for
the adhesion and growth of human bone cells. However, in the case of pure fullerene C60 films
studied earlier, aged films were better for cell colonization than fresh films, which had a certain
negative impact on the cell spreading, proliferation, viability and activity of mitochondrial enzymes. Interestingly, the examination of C60/Ti composites in this study showed no significant
differences between fresh and aged films (caused by the improvement in the properties of the
fresh layers). This difference between pure fullerene films and C60/Ti composites may lie in the
fact that in the composites, changes in the fullerene molecules, such as fragmentation, polymerization, oxidation and graphitization, occur not only due to aging of the material, but immediately during C60 and Ti co-deposition due to the interaction of C60 molecules and Ti atoms. In
addition, studies performed on human osteoblast-like U-2 OS cells revealed no DNA damage
response of these cells cultivated on fresh or aged C60/Ti composites. C60/Ti composites can
therefore be considered as promising materials in bone tissue engineering, namely for potential
coating of bone implants. The connection (association) of C60 with Ti may also have promising

PLOS ONE | DOI:10.1371/journal.pone.0123680 April 15, 2015

18 / 23

Cells on C60/Ti Films

Fig 11. Immunofluorescence staining of markers of a DNA damage response: 53BP1 (green) and gamma-H2AX (red) in human osteoblast-like U-2
OS cells on fresh and aged C60/Ti composites with various Ti concentrations (low: 25%, medium: 45%, high: 70%). GS: microscopic glass coverslips,
reference material; GS+NCS: positive control of DNA damage response induced by 1 hour incubation of U-2 OS in neocarzinostatin (NCS; 700ng/mL).
doi:10.1371/journal.pone.0123680.g011
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therapeutic potential against oxidative stress-associated conditions and in the treatment of
bone and cartilage tissue destruction in arthritis.

Supporting Information
S1 Dataset. Excel sheet of raw data numbers from which the qualitative data,
mean ± standard error of the mean (S.E.M) or median with interquartile range (IQR) were
calculated.
(XLS)
S1 Fig. Doubling times (in hours) of human osteoblast-like MG-63 cells cultured on fresh
or aged C60/Ti composites with various Ti concentrations (low: 25%, medium: 45%, high:
70%). GS: microscopic glass coverslips, reference material. The data from different time intervals (day 1–3 (A), day 3–7 (B)) is presented as median with interquartile range (IQR = Q3—
Q1) obtained from 3 experiments. No significant differences among the experimental groups
were found.
(TIF)
S2 Fig. Summarized doubling time (in hours) of human osteoblast-like MG-63 cells cultured on fresh or aged C60/Ti composites with various Ti concentrations (low: 25%, medium: 45%, high: 70%). GS: microscopic glass coverslips, reference material. The data is
presented as median with interquartile range (IQR = Q3—Q1) obtained from 3 experiments.
No significant differences among the experimental groups were found.
(TIF)
S1 Table. Static water drop contact angle of fresh and aged C60/Ti composites with various
Ti concentrations (low: 25%, medium: 45%, high: 70%). The data is presented as
mean ± standard error of the mean (S.E.M.) obtained from 10 measurements.  Aged significant
difference between fresh and aged layers; + Low, High significant difference to low and high concentration of Ti among the aged samples; p  0.05.
(DOC)
S2 Table. Numbers of human osteoblast-like MG-63 cells on fresh or aged C60/Ti composites with various Ti concentrations (low: 25%, medium: 45%, high: 70%) on day 1 (A), 3 (B)
and 7 (C) after seeding. The data is presented as mean ± standard error of the mean (S.E.M.)
obtained from 3 experiments. GS: microscopic glass coverslips, a reference material. No significant differences among the experimental groups were found.
(DOC)
S3 Table. Doubling times (in hours) of human osteoblast-like MG-63 cells cultured on
fresh or aged C60/Ti composites with various Ti concentrations (low: 25%, medium: 45%,
high: 70%). GS: microscopic glass coverslips, reference material. The data from different time
intervals (day 1–3 (A), day 3–7 (B), and summarized day 1–7 (C)) is presented as median with
interquartile range (IQR = Q3—Q1) obtained from 3 experiments. No significant differences
among the experimental groups were found.
(DOC)
S4 Table. Metabolic activity measured by the XTT test per culture of human osteoblast-like
MG-63 cells on day 7 after seeding on fresh and aged C60/Ti composites with various Ti
concentrations (low: 25%, medium: 45%, high: 70%). The data is presented as
mean ± standard error of the mean (S.E.M.) obtained from 3 experiments. GS: microscopic
glass coverslips, a reference material. No significant differences among the experimental groups
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were found.
(DOC)
S5 Table. Percentage of viable cells (human osteoblast-like MG-63 cells), measured by the
trypan blue exclusion test on day 7 after seeding on fresh and aged C60/Ti composites with
various Ti concentrations (low: 25%, medium: 45%, high: 70%). The data is presented as
mean ± standard error of the mean (S.E.M.) obtained from 3 experiments. GS: microscopic
glass coverslips, reference material. No significant differences among the experimental groups
were found.
(DOC)
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Abstract
Diamond-like carbon (DLC) coating exhibits excellent mechanical properties improving the
smoothness and wear characteristic of the metallic component of total joint replacements.
Although DLC is considered to be highly biocompatible, the effect of implant wear debris must
be carefully analyzed. Simulated loading can help to mimic the wear of the implant in the human
body during the time. Therefore the purpose of this study is to observe the wear of DLC-coated
Co-Cr-Mo alloy with titanium gradient interlayer used for total trapeziometacarpal joint
arthroplasty and to analyze the potential cytotoxicity of wear particles generated by simulated
loading. After 3 million cycles of increasing loading force up to 2.5 kN, no visible wear or
delamination of DLC coating was observed. Accordingly, no correlation between increasing
number of loading cycles (with increasing loading force) and decreasing proliferation of the
osteoblast-like cells incubated in obtained wear suspension was proven. Therefore, we can
conclude that during the simulated loading of DLC coated Co-Cr-Mo alloy with Ti gradient
interlayer no cytotoxic wear debris was formed.
Introduction
The increasing demand for total joint replacement in younger (more active) patients results in
the necessity of understanding the mechanism of the implant failure. Currently, most of the
artificial joints consist of ultra-high-molecular-weight polyethylene (UHMWPE) cup and
ceramic or metallic head. Unfortunately, mechanical loading of these artificial joints is
(Voronov, Santerre et al. 1998) associated with the wear of contact surfaces and a higher debris
production, causing the inflammation and bone resorption that may lead to the implant
loosening (Willert, Bertram et al. 1990, Voronov, Santerre et al. 1998, Goodman 2007).
Moreover, wear simulator studies have revealed that metal-on-polyethylene prostheses have
around 100 times higher wear than metal-on-metal implants (Anissian, Stark et al. 1999, Tipper,
Firkins et al. 1999, St John, Zardiackas et al. 2004).
Another option is metal-on-metal artificial replacement providing higher wear resistance and
lower risk of osteolysis (Chan, Bobyn et al. 1996, St John, Zardiackas et al. 2004). Co–Cr–Mo
alloy is widely used due to its biocompatibility and superior mechanical properties such as the
fatigue strength, hardness and corrosion resistance. Although the wear particles generated by
these prostheses are much smaller than UHMWPE particles (Musib, Rasquinha et al. 2011),
1

there is still a concern about the adverse biological reactions and potential rejecting by the
immune system (Sargeant and Goswami 2006, Sargeant and Goswami 2007) as well as
corrosion of these metallic debris (Yan, Neville et al. 2007, Valero Vidal and Igual Munoz
2011). In order to reduce the volume of wear, the concentration of metal debris and the level of
metal ion release into the human body, different approaches for surface modification have been
developed.
The diamond-like carbon (DLC) coating is well-known thanks to its unique mechanical
properties as well as high level of biocompatibility. Various cell types have been grown on
DLC under different conditions and cell responses such as cell adhesion, viability, proliferation,
differentiation, cell morphology and cytoskeletal architecture have been evaluated. No
indication of cytotoxicity or abnormal morphology has been found (Thomson, Law et al. 1991,
Allen, Law et al. 1994, Butter, Allen et al. 1995). Moreover, cells adhered and proliferated well
with the developed cytoskeleton (Linder, Pinkowski et al. 2002). In vivo studies have also
proved that DLC coated surfaces are well tolerated by the animals with no evidence of corrosion
products or chronic inflammatory reaction (Mitura, Mitura et al. 1994, Butter, Allen et al. 1995,
Allen, Myer et al. 2001, Mohanty, Anilkumar et al. 2002).
From the mechanical point of view, DLC coating exhibits high hardness and low frictional
coefficient (COF) resulting in the significant reduction of the wear, metal ion release as well as
corrosion rate of metallic bearing surfaces. The wear of the DLC coating is several times lower
than that of the ceramic materials, which are substantially better than commonly used PE
(Ching, Choudhury et al. 2014). The wear rate is very complex variable depending on many
factors such as material combination, geometry, loading, temperature, chemical surrounding,
and time. According to some studies, the simple way to model the wear rate is to look at it as a
time-independent constant (Tuke, Taylor et al. 2010, Abdelgaied, Liu et al. 2011). On the other
hand, other publications have reported that even the quality of wear particles (such as shape and
dimension) may change during the lifetime of the prosthesis (Catelas, Bobyn et al. 2003). The
COF value is dependent on lubricant composition (physiological solution reduces COF more
than bovine serum) and an applied load (in the case of lower normal load the COF increases
more sharply with a number of slide cycles; (Guo, Zhou et al. 2015)). Good wear behavior
together with corrosion resistance, chemical inertness and excellent smoothness match well
with the criteria of a good biomaterial for orthopedic implants (reviewed in (Roy and Lee
2007)). Numerous studies have reported that DLC coating significantly reduced the wear and
enhanced the scratch resistance of Cr-Co-Mo alloy (Tiainen 2001, Fisher, Hu et al. 2002, Roy,
Whiteside et al. 2009, Thorwarth, Falub et al. 2010). Additionally, the results from a simulated
body fluid (SBF) experiment performed for 2 years have shown 100,000 times lower corrosion
rate of DLC-coated Cr-Co-Mo alloy in comparison with the uncoated alloy (Tiainen 2001).
A risk of potential DLC coating delamination (often observed in various coating materials)
could be minimized by an engagement of an interlayer, which has been reported to improve the
adhesion of DLC coating to a metal substrate (Utsumi, Oka et al. 2007, Wang, Pu et al. 2014,
Kang, Lim et al. 2015). Although the DLC coatings have been known to extend the operational
lives of hip and knee prostheses, to our best knowledge no study evaluated the Cr-Co-Mo alloy
with titanium gradient adhesive interlayer coated by DLC for the trapeziometacarpal joint total
replacement has been published. Therefore the purpose of this study is to observe the wear of
DLC-coated Co-Cr-Mo alloy with Ti gradient interlayer and to analyze the potential
cytotoxicity of wear particles generated by the simulated loading.

2

Materials and Methods
Joint samples preparation
Three joint samples were tested. The geometry of the joint samples corresponds with
trapeziometacarpal joint (TMCJ) for a total joint arthroplasty. Each joint sample consists of the
spherical head articulating in the spherical cup (both spheres with the nominal diameter 7mm).
The cup contains a small hole (1mm) at the bottom. The basic material of both head and cup
was Co-Cr-Mo alloy commonly used for implants 1. Contact surfaces were coated by DLC
(diamond like carbon) on Ti gradient adhesive interlayer. The conditions of DLC layer
deposition and DLC characterization are summarized in the Tab 1.
Joint samples simulated loading
Joint samples were cyclically loaded on the simulator KKK ELO 2011 (Franta, Kronek et al.
2011). No standard exists for TMCJ testing, thus parameters of loading cycle were inspired by
ISO standard 14 243 (testing of knee replacement). Both cup and head rotated ±8° with sine
function (Fig 1) and frequency 2Hz. Axis of rotation were perpendicular each other and pass
through the center of spheres. Thus the trajectory of the theoretical contact point on the head
had the shape of letter “S”. Two joint samples were loaded by 1 million cycles and constant
loading force 200 N and the third joint sample was loaded by 3 million cycles (with increased
loading force up to 2.5 kN; Tab 2-3). Experimental space was encapsulated by silicon tube and
distilled water was used as lubrication medium, which was heated to constant temperature 37°C.
The medium was removed after a number of loading cycles (Tab 2-3) to analyze potential
cytotoxicity of wear suspension. Reference samples were prepared in compliance with the same
conditions, only without loading (without wear particles).

Figure 1. Joint sample in testing machine KKK ELO 2011 consisting of the head (upper) and
the cup (lower). Experimental space is defined by a silicone tube. Red arrows show

1

Accurate weight concentrations of the main three metals (Co, Cr and Mo) and other elements (Fe, Mn, Si, C, N,
Co) are prescribed by ISO standard 5832-12 as same as mechanical properties (tensile strength, ductility) of the
alloy.

3

schematically kinematics of loading cycle. The green arrow shows the direction of loading
force.
Wear observation
The geometry of joint heads was measured before and after simulating loading to evaluate initial
globosity and material loss volume using high accurate (accuracy 1μm) non-contact
profilometer (RedLux, Great Britain; (Tuke, Taylor et al. 2010)). Surfaces of the head were
scanned by more than 150.000 points. Scans before wear tests were compared to the best-fit
sphere and to the scans after wear tests. The contact surfaces of cups were qualitatively observed
by microscope during each exchange of lubrication medium.
Samples preparation for evaluation of cytotoxicity
The suspensions of wear particles (samples with different cycle numbers from 10,000 to
3,000,000, listed in Tab 2-3) in distilled water were evaporated in hot-air sterilizer at 160 °C
for 15 minutes. Before the evaporation, some of the solutions were mixed together (listed in
Tab 2-3). The dry particles were then re-suspended in sterile Dulbecco's Modified Eagle's
Medium (Sigma, Missouri, U.S.A., Cat. No. D5648) supplemented with 10% fetal bovine
serum (Sebak GmbH, Germany) and gentamicin (40 μg/mL; LEK, Slovenia).
xCELLigence evaluation
Each sample was divided into four aliquots. Three of them were mixed with human U-2 OS
osteoblast-like cells and seeded into the special 96-well plate with microelectrodes covering
well bottoms (E-plate-96, Roche, Switzerland) in a density of ~ 2,300 cells per well. The fourth
aliquot was used as negative control (suspension without cells). Electric impedance was
measured every 30 minutes for 160 hours by xCELLigence system (Roche, Switzerland). This
impedance (which is displayed and recorded as cell index (CI) values) is used to monitor cell
adhesion, proliferation and viability. Cells grown in DMEM (without wear particles) were used
as the proliferation control.
Statistical analysis
The results were presented as real-time cell index curves (mean of nine cell indexes – 3 joint
samples evaluated in triplet) obtained from RTCA xCELLigence software (Supplementary
Graphs 1 - 5). Cell indexes after 24 and 160 hours of incubation were compared to the
proliferation control (CTR) and expressed as mean ± S.E.M. (Standard Error of the Mean)
obtained from 9 values (3 joint samples evaluated in triplet). A comparison between all groups
was analyzed by one-way ANOVA, Student-Newman-Keuls Method. P-values less than 0.05
were considered statistically significant.
Results and Discussion
Our investigation revealed that radial deviations in all tested heads were under ±15μm in
comparison with best-fit spheres. An example of the deviations of one head can be seen in Fig
2. Comparison of scans before and after 1 million of loading cycles with constant loading force
of 200 N did not show any DLC coating delamination or any changes in the shape of the joint
samples such as wear or plastic deformation. All relevant differences were under the resolution
of the method (below 1μm). Considering the thickness of DLC layer 3-4 μm with gradient
adhesive interlayer around 2.5 μm, no wear down to the metallic cofe of the implant occurred.
Analysis of microscopy pictures confirmed the previous result of no (or very low) wear rate.
Similarly, no damage of DLC layer was observed with a naked eye (no shiny metal surface; Fig
4

3) The most of the scratches, which were present before the testing (Fig 3A), were still visible
even after 1 million of cycles (Fig 3D). This scratches were caused by manufactory, not by the
wear test and did not reduce the endurance of the DLC coating leading to increased abrasion or
breaking of DLC layer.
Moreover, similar results with no visible delamination or wear of the DLC coating were found
in the third sample after 3 million of simulated loading cycles with increasing loading force up
to 2.5 kN. Correspondingly, numerous studies have shown great wear and scratch resistance of
DLC coating deposited on Cr-Co-Mo alloy (Roy, Whiteside et al. 2009, Thorwarth, Falub et al.
2010, Liu, Wang et al. 2013, Guo, Zhou et al. 2015, Madej, Ozimina et al. 2015). In addition,
the DLC-coated implant has been reported to stay undamaged even after aggressive wear tests
employing the third-body bone cement particles (Santavirta, Lappalainen et al. 1999).

Figure 2. Left: The map of radial deviations between the real surface points and best-fit sphere.
Right: deviations between the scan before wear test and the scan after 1 million of loading
cycles with constant loading force of 200 N - no visible wear was detected.
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Figure 3. Detail pictures of the same place on the same cup (the place near the small central
hole) before wear test (A); after 110,000 cycles (B); after 600,000 cycles (C), and after 1 million
cycles (D) with constant loading force of 200 N. The main visible scratch is present from the
beginning and was not “rewritten“ by other scratches.
In order to investigate potential cytotoxicity of wear particles generated by simulated loading,
the xCELLigence system (measuring electrode impedance, displayed as cell index) was used.
The real-time proliferation of U-2 OS osteoblast-like cells cultivated in different medium-wear
particles solutions was monitored. After 7 days long cultivation, no significant differences
among the samples with various loading cycles were found. Cell indexes of all samples were
comparable to the cell index of the cell proliferation control (Fig 4, Supplementary Graph 15, red line). Moreover, the small cell index variations correlated with the trend of differences in
the initial adhesion of cells evaluated 24 hours after seeding (Fig 5). Therefore the lower cell
indexes obtained from 7 day-long cultivation can be attributed to the lower cell indexes from
the beginning of experiments on day 1 rather than to the decreased proliferation due to potential
cytotoxicity of wear particles. The suspension or wear particles alone (without cells)
resuspended in the cell culture medium had no effect on the measurement of the electric
impedance (see the negative control in Supplementary Graph 1- 5, black line).
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Figure 4. Cell indexes after 7-day long cultivation obtained from xCELLigence system
compared to the proliferation control (CTR - cells cultivated in medium without wear particles).
Different numbers of cycles (x-axis) from 10,000 to 3 million were evaluated.
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Figure 5. Cell indexes after 24-hour long cultivation obtained from xCELLigence system
compared to the proliferation control (CTR - cells cultivated in medium without wear particles).
Different numbers of cycles (x-axis) from 10,000 to 3 million were evaluated.
Thus, no correlation between increasing cycle numbers and decreasing proliferation of the cells
was proven. The cell indexes were relatively high at intermediate numbers of cycles, and
relatively high at both lowest and highest numbers of cycles. At the same time, it can be
supposed that the number of wear nanoparticles increased with increasing number of cycles.
The cytotoxicity of diamond-like and graphite-like carbon nanoparticles for cell lines derived
from of human embryonic kidney, lung carcinoma and breast adenocarcinoma was dose-and
time-dependent (Kumar, Meena et al. 2012). Similarly, the proliferation and metabolic activity
of macrophages decreased with increasing concentration of synthetic diamond nanoparticles
(Thomas, Halloran et al. 2012). Dose-dependent cytotoxicity was also revealed in particulate
silicon carbide, i.e. a material used as an interfacial layer between the implant and its DLC
coating (Allen, Butter et al. 1995). On the other hand, when a similar material (i.e., amorphous
hydrogenated silicon) was deposited in the form of an intermediate layer between glass
substrates and DLC, no cytotoxicity for mouse macrophages, human fibroblasts and human
osteoblast-like cells was found (Butter, Allen et al. 1995).
Our results are in accordance with earlier reports by other authors on a good biocompatibility
and non-cytotoxicity of DLC films. These films deposited on various substrates supported the
growth, viability and development of normal morphology of many cell types, including bonederived cells, without any signs of cytotoxicity (Thomson, Law et al. 1991, Allen, Law et al.
1994, Mitura, Mitura et al. 1994, Hinuber, Kleemann et al. 2010). Materials coated with DLC
were also well accepted with the surrounding tissues in vivo (Allen, Myer et al. 2001, Mohanty,
Anilkumar et al. 2002). However, many materials that are well-tolerated by cells and tissues in
their bulk form, are able to induce toxic reaction if present in particulate form. Our results
suggest that it is not the case of DLC. In accordance with this, particles obtained by
delamination of a related material, i.e. amorphous hydrogenated carbon (a:C-H) films did not
elicit any toxic effect on bone marrow cells in cultures (Bruinink, Schroeder et al. 2005).
Conclusion
Simulated loading mimicking the conditions of the implant in the human body after total
trapeziometacarpal joint arthroplasty caused no visible delamination or wear of DLC coating
deposited on Co-Cr-Mo alloy with titanium gradient adhesive interlayer. In accordance with
very low wear, no correlation between increasing number of loading cycles (with increasing
loading force) and decreasing proliferation of the osteoblast-like cells incubated in obtained
wear suspension was observed. Thus we can conclude that during the simulated loading of DLC
coated Co-Cr-Mo alloy with Ti gradient adhesive interlayer no cytotoxic wear debris was
formed.
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Supplementary Graph 1- 5:

12

13

Graph 1-5: Cell index real-time curves of all cycles’ samples (from 10,000 to 3 million). Cells
grown in DMEM (without wear particles) were used as the proliferation control (pos CTR – the
red line). Suspension of DMEM with wear particles without cells was used as the negative
control (neg CTR, the black line).
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Tables:
Table 1. Conditions of DLC deposition and the physical properties of CLC coating

gradient adhesive interlayer

Ti/Ti-C:H:
Ti (0.5 µm): magnetron sputtering from Ti (grade 1) targets
Ti-C:H (2 µm) reactive magnetron sputtering from Ti (grade 1)
targets
and
C2H2
(99.6%)
(Hauzer Flexicoat 1200)

DLC layer

a-C:H (3-4 µm): PACVD technique from C2H2 (99.6%), with a
pulsed bias ranging from 20 kHz to 100 kHz applied on the
substrates
holder
(Hauzer Flexicoat 1200)

deposition temperature

200°C

deposition pressure

1.0 Pa

microhardness

HV
2200±100
at
a
load
(Fisher PICODENTOR® HM500)

elastic modulus

180-200 Gpa

adhesion 1
chemical composition

friction coefficient

Lc3

20

mN

≥

30

N

load

solution)
(air)
of 5 N

H (8-12 %), C (88-92 %)
0.06-0.08
(saline
0.08-0.1
tested at room temperature at
(pin-on-disc tribometer)

a

wear resistance

~ 5.0E-7 mm3/Nm (both on air and on saline solution)
tested at room temperature at a load of 5 N
(pin-on-disc tribometer)

wear resistance

1.805E-5
(BAQ kaloMAX NT)

color

1

Lc2
≥
20
N,
(CSEM Revetest scratch tester)

of

m2/N

black

Parameters of layer adhesion Lc2 and Lc3 mean critical loads according to the standard ENV 1071-3: 1994
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Table 2. The loading conditions of three joint samples showing cycle numbers and grouping of
samples for cytotoxicity evaluation. The constant loading force of 200 N was used for joint
sample 1 and 2. For the third joint sample, 100 N was used till 1 million cycles.
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Table 3. The loading conditions of the third joint sample after 1 million cycles showing cycle
numbers and grouping of samples for cytotoxicity evaluation. Increasing loading force from
100 N to 2.5 kN was used.
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Cell-based impedance spectroscopy is a promising method
for real-time monitoring of cell cultivation. Here, we present
intrinsic diamond ﬁlm as a material suitable for fully optically
transparent impedance biosensor. Conductive interdigitated
electrodes are realized in plane by local hydrogen termination
of diamond surface, thereby the surface morphology is
uniform. The diamond-based impedance sensors are used
for real-time electrical (label-free) monitoring of osteoblastlike cells. Fluorescence images conﬁrm that H/O-termination

provides a patterned cell colonization at lower cell seeding
concentration (16 000 cells cm2). The cells form a conﬂuent
colony across the whole sensor area at higher cell concentrations (>27 000 cells cm2). Time-dependent impedance
measurements at 1 kHz exhibit similar proﬁles for the diamond
and Au reference sensors. Nevertheless, the diamond sensor
seems superior in terms of overall transparency, uniform
morphology, and sensitivity to the development of the cell
cultures.

ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Non-invasive label-free techniques
for in vitro monitoring of cell growth are of high interest
due to simplicity, fast response in real time, and excluding
experiments with animals. Presently, there are two analytic
approaches, which employ either optical or electronic signal
processing [1]. Both these approaches reached a state of the
art in a transducer type, which converts a stimulus-induced
cellular response into a quantiﬁable signal (i.e. biosensor
signal) [2]. From the broad family of electronic systems,
impedance measurements seem to be one of the simplest and
still a powerful method for monitoring of the cellular
signals [3, 4]. As shown by many reports, the monitored
impedance signal is sensitive not only to ionic currents but
also to cell growth stages (i.e. cell attachment, spreading, shape,
proliferation, differentiation, and communication) [5–8].
The typical impedance sensors use gold interdigitated
electrodes (IDEs), which are deposited on an electrically
isolating material (like glass or plastic). Up to now, several
sensor systems were developed and are commercially
represented by xCELLigence system (Roche/Acea), ECIS –
Electric Cell Substrate Impedance Sensing system (Applied
BioPhysics), etc. Nevertheless, the use of gold electrodes

restricts the available area for a direct optical monitoring
of cultivated cells from the sensor backside. This restriction
can represent a disadvantage in speciﬁc experiments.
Moreover, employing any surface biochemistry has to be
optimized either to the used gold electrodes or to the carrying
substrate. Finally, the sensor surface wettability is not simply
controllable.
Using optically transparent IDEs for impedance sensors
is not a trivial issue due to requirements on their
biocompatibility and chemical resistance to the cell culture
media and serums. Diamond can fulﬁll above-mentioned
requirements owing its unique combination of favorable
electronic, optical, mechanical, chemical, and biocompatible
properties. It has been recognized as a promising material for
life sciences including biosensors [9], controlled biointerfaces [10–12], or artiﬁcial substrates for cell cultivation [13].
Biological as well as electronic properties of intrinsic
diamond can be signiﬁcantly altered by hydrogen and
oxygen atomic surface termination, which results in different
properties as electrical conductivity, electron afﬁnity, and
surface wettability. Most of these properties are characteristic not only for single crystalline diamond but also for
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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synthetic diamond ﬁlms consisting of micro- and nano-sized
grains. Our previous studies have conﬁrmed that ﬁlms
consisting of nano-sized diamond grains (<200 nm) are of
high enough quality for fabrication of fully operational
electronic devices [4].
In this paper, we use intrinsic polycrystalline diamond
thin ﬁlm as an optically transparent, functional, and
electrically active layer for fabrication of impedance
biosensor. Electrically conductive interdigitated electrodes
were fabricated from locally hydrogen-terminated diamond
surface. The real-time impedance curves are compared with
the reference commercial sensor based on gold electrodes.
2 Experimental
2.1 Growth of diamond ﬁlms Diamond thin ﬁlms
were grown on fused quartz silica substrates in size
10  10  0.7 mm3. At ﬁrst, substrates were seeded by
diamond powder (diameter 5–10 nm, New Metals and
Chemicals Corp. Ltd., Kyobashi) [14]. Then, diamond thin
ﬁlms (thickness 250–350 nm) were grown by plasma
enhanced chemical vapor deposition (CVD) using an
ellipsoidal resonator [15]. Process parameters were as
follow: 1% methane diluted in hydrogen, microwave power
1500–2500 W, total gas pressure 50 mbar, substrate temperature Ts  480 8C. After the CVD growth, diamond ﬁlms
were exposed to hydrogen plasma for 10 min. Hydrogenterminated diamond reveals the surface conductivity only
after its exposure to air where a water layer is absorbed. New
equilibrium conditions result in the charge transfer (i.e.
transport of electrons) from diamond bulk to this interface.
The remaining holes are accumulated below the diamond
surface and give rise to p-type conductivity of otherwise
intrinsic highly resistive diamond ﬁlms.
Surface morphology, grain size and thickness of the
deposited coatings were characterized by scanning electron
microscopy in top and cross section views (SEM, e_LiNE
writer, Raith GmbH,). Diamond character of the ﬁlms
was determined by Raman spectroscopy (Renishaw In Via
Reﬂex Raman spectrometer, excitation at 325 nm).
2.2 Diamond-based impedance sensors After the
CVD growth, the IDEs structures were realized by
selectively created hydrogen- and oxygen-terminated diamond surface using an optical lithography. O-terminated
surface was achieved by inductively coupled oxygen plasma
(3 min, 13.56 MHz, power 300 W, time 3 min) on the
masked substrate and it represents a non-conductive part.
The width of the H-terminated IDEs structure was 100 mm
for rectangular-shape IDE and 100 mm in diameter for
circular-type (see Fig. 1c–e). Au layer (100 nm) was used for
fabrication of external contact pads.
Impedance measurements were conducted at voltage of
500 mV, frequency of 100 Hz–100 kHz using LCR meter
HIOKI 3522-50 LCR HiTESTER. The measurement system
is fully automated. It enables data collection for several
days and can operate up to eight sensor units in a parallel
conﬁguration via USB-GPIB interface using LabView.
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

As a reference, commercially available xCELLigence
sensor (circular-shape Au IDE structure) was used from
Roche Applied Science [16]. This sensor provides the
so-called cell index, which represents a dimension-less
parameter. In the ﬁrst approximation, it is deﬁned as
(Zi  Z0)/const, where Zi is the impedance measured at time i
and Z0 is the starting impedance. In reality, the cell index
value is more complex and is calculated from measurements
done at different discrete frequencies (in the case of Roche
system at 10, 25, and 50 kHz).
2.3 Cells and culture conditions The tested impedance biosensors were sterilized with 70% ethanol for 1 h,
placed into 24-well polystyrene well plates (diameter 1.5 cm;
TPP, Trasadingen, Switzerland) and then let dry in air for
12 h in a sterile ﬂowbox. Samples were seeded with human
osteoblast-like MG 63 cells (European Collection of Cell
Cultures, Salisbury, UK). The cells were cultured in
Dulbecco’s modiﬁed Eagle’s Minimum Essential Medium
(DMEM; Sigma, Cat. No. D5648) supplemented with 10%
fetal bovine serum (FBS; Gibco, Cat. No. 10270-106) and
gentamicin (40 mg ml1, LEK, Slovenia) in humidiﬁed air
with 5% CO2. The cells were cultured in 1.5 ml of the culture
medium for 50 h (set 1) or 70 h (set 2) and cell seeding
density was 30 000 cells well1 (about 16 000 cells cm2; set
1) and 50 000 cells well1 (about 27 000 cells cm2; set 2).
For the ﬂuorescence microscopy evaluation, the cells were
rinsed with phosphate-buffered saline, ﬁxed with cold 70%
ethanol (20 8C, 5 min) and visualized with combination of
the ﬂuorescent dyes Hoechst #33342 (nuclear dye, SigmaAldrich, Cat. No. B2261) and Texas Red C2-maleimide
(membrane dye, Molecular Probes, Invitrogen, Cat. No.
T6008). The stained cells were photographed using an
epiﬂuorescence microscope (Olympus IX 51, Japan, obj.
20) equipped with a digital camera (DP 70, Japan).
3 Results and discussion
3.1 Diamond ﬁlm properties Figure 1 shows SEM
image and Raman spectrum of the diamond ﬁlms used for
the impedance biosensor. The ﬁlm morphology consists of
diamond crystals in sizes from 100 to 250 nm with rootmean-square surface roughness of 20 nm. The representative
Raman spectrum of the diamond ﬁlms reveals a characteristic spectrum with one sharp peak (i.e. sp3 bonded carbon in
diamond) centered at frequency of 1330 cm1 and a broad
band centered at 1575 cm1 which represents graphitic sp2
carbon phases (graphite-band) (Fig. 1b). Moreover, there are
two additional carbon-related bands: one broad band at
1380 cm1 attributed to disordered carbon bonds (D-band)
and second band at 1175 cm1 corresponding to transpolyacetylene-like groups [17]. Bands centered at 440 and
800 cm1 are assigned to the glass substrate [18].
The sensor part is fully optically transparent in the whole
VIS region. Interdigitated electrodes are not detectable under
the optical microscope. They become visible in SEM as
observed in Fig. 1c–e. The H-terminated diamond surface
exhibits negative electron afﬁnity and thus, it emits electrons
www.pss-b.com
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Figure 1 (a) SEM image of diamond ﬁlm morphology and (b) its Raman spectrum. (c) SEM image of the sensor active diamond ﬁlm area
with H-terminated interdigitated electrodes and Au contact pads. The magniﬁed SEM images visualize H/O-diamond sensor patterns in
(d) rectangular and (e) circular form.

easier than oxygen terminated surface (darker regions) [19].
Thus, the brighter regions correspond to the H-terminated
diamond surface, which induces p-type surface conductivity
even on intrinsic diamond [20–22], and represent the IDEs.
O-terminated surface is resistive and electrically isolates and
separates the electrodes. From morphological point of view,
both surface termination are identical (i.e. they are of the
same surface roughness and crystal size).
3.2 Cell growth Fluorescence measurements of cell
cultures were obtained after in situ electrical monitoring of
the cell culture process. Figure 2a–d shows ﬂuorescence
images of the cell cultures after 50 h (set 1). Images of cells
cultivated for 70 h (set 2) are summarized in Fig. 2e–f.
In both cases, osteoblast-like MG 63 cells feature
similar properties on diamond ﬁlm, commercial sensor
and polystyrene substrate (i.e. the reference substrate).
The main difference is observed in cell densities
occupying the diamond surface for low cell concentration
of 16 000 cells cm2 (set 1). In this case, osteoblast-like
www.pss-b.com

MG 63 cells preferentially occupy linear patterns (Fig. 2a).
A systematic scanning of the diamond surface clearly
conﬁrmed that the cells preferentially colonize the Oterminated diamond. Cells try to keep patterns and they
“stretch” across the O-/H-terminated border area. Moreover,
for H-termination patterns the cells over-bridge the
H-patterns. In contrast to this observation, experiments
done at higher cell concentration (27 000 cells cm2, set 2)
do not exhibit such patterned cell growth (Fig. 2e). Cells also
grow on H-terminated diamond because they create a
conﬂuent colony that does not differentiate on the local
surface properties.
Present observations are in a good agreement with
previous studies. It was shown that H/O-terminated diamond
patterns induced a selective growth of osteoblasts, ﬁbroblasts, and cervical carcinoma cells via different surface
wettability [23]. The patterned cell growth was observed
only for low cell concentration. Applying higher concentration resulted in a colonization of the whole surface. The
patterned cell colonization was not observed for experiments
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

solidi

status

physica

pss

b

2744

T. Ižák et al.: H-terminated diamond as optically transparent impedance sensor

Figure 2 Fluorescence images of cells cultured for 50 h (set 1)
on H/O-terminated diamond (a,b) compared with polystyrene
substrate (c) and reference xCELLigence sensor (d). Fluorescence
images of cells cultured for 70 h (set 2) on H/O-terminated diamond
(e) compared with polystyrene dish (f).

done without the FBS serum. Atomic force microscopy
conﬁrmed that the geometrical conformation of proteins
adsorbed from the cell culture serum is inﬂuenced and
controlled by the diamond surface termination [24]. The
patterned cell colonization was not observed for polystyrene
well plates or for substrates with bare Au electrodes. This
result indicates that the H/O-terminated diamond surface
extends the sensor functionality. Another advantage of
H-terminated diamond electrodes is their full optical
transparency allowing in situ monitoring of cells by optical
or ﬂuorescence microscopy. A limitation of using gold
interdigitated electrodes is shown in Fig. 2d. Here, gold
IDEs (greenish color) obscure ﬂuorescence measurements
in the inverted microscope measurement set-up. Observing
the living cells from top is also problematic due to a free
surface of cell medium. It should be mentioned that we did
not observe any negative inﬂuence of Au electrodes on
the cell growth.
3.3 Impedance measurements Absolute impedance as a function of time measured at 1 kHz in parallel
setup with low initial cell concentration (set 1) is shown in
Fig. 3a. Although the impedance was measured for a broader
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3 Absolute impedance as a function of time measured at
1 kHz for (a) low cell concentration (16 000 cells cm2) and
corresponding reference measurements utilized with xCELLigence
sensor and (b) a comparison of impedance measurements for
diamond-based sensor for the low and high cell concentrations (high
27 000 cells cm2) and its reference measurement without cell.

frequency range, the measurement at 1 kHz is chosen as the
representative spectrum with a good compromise between
sensor response and noise level. The impedance measurement starts at the moment of insertion into the incubator. For
comparison, the time dependence of the cell index on Au
electrodes by xCELLigence sensor is added as the reference
measurement together with the background measurement
without the cells. The values of absolute impedance as well
as cell index generally increase with time and follow about
the same proﬁle. Nevertheless it is noticeable, that the
diamond-sensor proﬁle is not as smooth and provides more
detailed features (modulations) along the proﬁle.
Figure 3b compares the impedance measurements for the
low and high cell concentrations. It is evident that except for
the settling region at the beginning (<2 h) only a monotonic,
almost linear increase of absolute impedance is observed for
the high cell concentration (set 2). The proﬁle shape more or
less follows that of the reference measurement without cells
for the same diamond-based sensors, albeit with overall
www.pss-b.com
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higher impedance due to cell presence (Fig. 3b). The proﬁle
at the low cell concentration displays some kind of
modulations or ﬂuctuations.
Exact interpretation of the measured impedance proﬁles
is a complex issue. First, cellular plasma membrane acts as
an insulating barrier, which inﬂuences the pathways for
current ﬂow during the electrical measurements. For low
frequency impedance measurements (<10 kHz), the current
ﬁrst ﬂows through an extracellular matrix layer, passing a
gap between cells, and continues through electrolyte
(cultivation serum). This current ﬂow is called as the
paracelullar ﬂow [25, 26]. The impedance is sensitive to
the cell density, growth and cell movements. If the
measurement frequency is high enough (>40 kHz), current
can ﬂow through cell membrane and is labeled as
transcellular ﬂow [27]. In this case, the impedance
characteristic should be more sensitive to the cell adhesion
and less to the cell population. However, the exact value of
optimal frequency range depends on parameters such as
sensor design, electrode material, cell type, cultivation
conditions, etc. Some data were presented in a mathematical
model, which describes the correlation between the electrical
impedance value and the stage of cell growth [28].
Our impedance curves are presented for the low
frequency range (1 kHz). In this case, the electrical current
ﬂow will be blocked by attachment of cells to IDEs, by
their spreading over the IDEs, or by cell enlargements
(growth). We propose that in the ﬁrst hours, osteoblast-like
MG 63 cells cover the electrodes, which results in the
increasing impedance. However, the exact correlation of
cell growth with the impedance changes is not trivial,
especially for low cell concentrations when patterned
cell colonization is observed on the O-patterns. Presently,
we cannot ascertain how the cells follow or move
across the patterns, how long does the cell redistribution
take, etc.
Nevertheless, there is no doubt that patterned cell
colonization will additionally affect the character of
monitored impedance. Benson et al. [26] presented results
on the smaller scale of cell movement. The impedance can be
also modulated by the change of cell spreading across
interdigitated electrodes. This situation can occur during
mitosis when cell splits into two daughter cells [29].
As the detailed modulations are not visible in the cell
index proﬁle on Au electrodes, the diamond sensor response
seems sensitive to the development of the cell culture when
the initial cell concentration is lower.
The situation seems to be more straightforward for the
high cell concentration (set 2). In this case, the impedance
curve shows less ﬂuctuations which can be attributed to full
coverage of the sensor by cells and correspondingly lower
sensitivity to cell motility and proliferation. The increasing
impedance in the blank medium may be attributed to
adsorption of proteins on diamond from the medium [30].
All the above-mentioned factors still need to be
elucidated in more detail. For instance, simultaneous optical
monitoring of cell growth will be helpful for a direct
www.pss-b.com
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correlation between our impedance measurements and cell
growth stages.
4 Conclusions We have proved that intrinsic diamond
thin ﬁlm can be used as biocompatible, fully transparent
planar biosensor for in situ electronic (label-free) monitoring
of cell cultures. Generally, the sensor response is well
comparable to the reference Au sensors provided commercially. In the case of diamond, the sensing principle is
based on impedance measurements employing conductive
H-terminated surface regions as in-plane electrodes that
were separated by resistive oxidized surface regions.
Thereby, the sensor is fully transparent in the visible range
including low ﬂuorescence background. Moreover, any
possible and unwanted geometrical effects of metal electrodes (like step edges) were avoided as purely surface atom
modiﬁcations deﬁned and induced the p-type diamond
surface conductivity. In comparison to the commercial Au
electrode systems, the diamond sensor exhibited small
modulation, which should correspond to the development of
the cell culture, probably due to the preferential growth of
cells on oxidized diamond regions. Future experiments with
in situ optical monitoring through the transparent sensor may
elucidate correlation between electronic data and cell culture
condition. The diamond-based impedance sensor may be
useful for real-time monitoring of cell cultivation as well as
for in vitro testing of drugs and cytotoxic agents.
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